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1. INTRODUCTION

— This report describes research conducted in the Cognitive Psychophysiology.
Laboratory during the period 1/1/87-12/31/87 with the support, or partial
support, of the present contract.

As in previous years, we have continued to pursue several closely related
goals.‘“Our primary mission has been to develop an understanding of the Event-
Related Brain Potential (ERP) so that it can be used in the study of human
cognitive function and in the assessment of man-machine interactions. To this
end, we have conducted research in the following areas:-

a. The use of ERPs in the study of attention and skill acquisition

b. The use of ERPs in the study of mental chronometry

c. The use of ERPs in the study of mental resources and workload

d. The use of ERPs in the study of memory

e. The development of an animal model of the P300 component

f. The use of ERPs as a communication channel

g. Miscellaneous studies

Listed in Section 3 %re all chapters, papers, abstracts and presentations
that were published, submitted, or "in preparation" in 1987. Since this is the
last year of the current contract, we have also listed publications (Sections 4
and 5) that report the results of all research supported by the contract in
previous years (1/1/85-12/31/86).

Full reports of the studies for the current year are included in the
Appendix. In the following sections, we provide a.brief description of the
research. Where appropriate, we have referred to the appropriate appendix

items.
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2. DESCRIPTION OF THE RESEARCH (1/1/87-12/31/87)
Numbers in parentheses refer to full reports of the research listed in

Section 3 and provided in the Appendix.

2.1 Attention and Skill Acquisition

The focus of this research has been on the use of ERPs to provide
converging evidence for the chronometric and energetical changes that take place
during the development of highly skilled behaviors. To this end, we have
recorded ERPs along with a number of traditional performance measures such as
RMS tracking error, RT and accuracy in paradigms that allow for the development
of "automatic" processing (12, 25). Several important results have been
obtained from this research. First, we have preliminary evidence which argues
that there are a number of dissociable automatic processes that develop at
different rates. Second, the results of dual-task manipulations indicate that
even tasks which possess "automatic" processes are susceptible to interference
in a manner predicted by multiple resource models. Third, the use of P300
amplitude in conjunction with the manipulation of multi-task processing
priorities has allowed us to map the attentional requirements of automatic and

non-automatic processes.

2.2 Mental Chronometry

The focus of this research has been on the use of ERPs to measure the
timecourse of mental processes. A related aim has béen to use ERPs to examine
the information processing mechanisms responsible for variability in measures of
overt behavior. In our most recent research, we have used measures of the
readiness potential, recorded from lateral electrode sites above the motor

cortices, to assess response preparation. These measures, as well as those of

Page 2
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the electromyogram (EMG), suggest that information transmission among
processing elements is accomplished continuously - or at least in several steps
(1 and 8).

A second line of research has focussed on measures of the readiness
potential as predictors of response latency and accuracy. In contrast to the
claims of Gevins et al., we have shown that this ERP measure can be used to
predict, in advance of an overt response, whether the response will be accurate
and how fast it will be (8). This finding clearly reveals the utility of the
psychophysiological approach in accounting for variation in overt behavior.

A further line of research examines both the utility of P300 as an index of
shifts in subject strategy (6) and as a marker for the duration of stimulus

evaluation processes (22).

2.3 Mental Resources and Workload

This research has focused upon the use of ERPs as metrics of mental
workload and resource allocation in multi-task environments (for reviews see 9,
[5). Previous research conducted in our laboratory has indicated that P300
amplitude behaves in a manner predicted by multiple resource models. Thus, the
amplitude of P300 appears to mimic the predicted resource tradeoffs as a
function of task difficulty and processing priority. In recent research, we
have determined that (a) the reciprocity in P300 amplitudes elicited by two
concurrently performed tasks is predictive of single subject performance over a
relatively wide range of task variables (20), (b) the P300 effect can be
generalized to non-laboratory tasks such as instrument flight (10), {(c) and that
the visual N190 as well as the P300 components reflect resource tradeoffs both
within and across tasks while the N160 is sensitive to only within task resource

allocation (11).
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2.4 Memory

We demonstrated earlier that there is a relationship between the P300
response to a stimulus and the subsequent memorability of that stimulus. This
relationship was observed in subjects who used a rote memorization strategy, but
not in those who used elaborative strategies. 1In a partial replication of this
experiment, we demonstrated that the same effects can be observed within the
same subjects (16). Furthermore, the data indicate how the P30Q0 measure can be
used to evaluate theories of memory that emphasize distinctiveness as a critical

attribute in the memorability of events.

2.5 Animal Models

This research, which has been referred to in previous reports, demonstrates
the presence of probability-sensitive neuronal activity in rabbits (21). This
finding has implications for the search for the neural source of the P300,

since probability sensitivity is one of the critical features of the P300.

2.6 ERPs and Communication

We have continued our work on the use of ERPs in communication. We have
demonstrated that it is possible to determine, by evaluating of the P300
response to a display, which element in the display the subject has selected.
When these elements are letters of the alphabet, the procedure enables subjects

to use their ERPs to communicate (17).

2.7 Miscellaneous

In this category, we include studies of methodological issues, theoretical

articles, and review papers.

7
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We have continued our efforts to devise a metric for the assessment of
topographic information. Without exception, an important defining characteris-
tic of an ERP component is its scalp distribution. Furthermore, it is clear
that the distribution of scalp~recorded brain potentials may provide critical
clues concerning their neural source. However, until this time, no satisfactory
methods have been rroposed for the quantification of scalp distribution. A
paper describing the current version of our procedure (18) and a validation
study (19) are currently under final editorial review. This procedure provides
the investigator with the opportunity of dealing with the problem of overlapping
components, and of distinguishing statistically between different scalp
distributions.

A second methodological contribution has been to extend the method of
correction for eye-movement artifact to include both horizontal and vertical
movements and to provide a program for the general public to implement the
correction procedure (14).

We have published two theoretical articles this year. One deals with
general issues concerning the role of theory in cognitive psychophysiology (3),
the other examines in detail the context-updating model of the P300 (5). A
third article deals with issues in the definition and reliability of measures of
the P300 (7). In addition, we have published several chapters dealing with the
utility of measures of the ERP in the study of human factors (9 and 15) and
psychological issues (2), with the utility of measures of the cardiovascular
system in human factors research (4), and with the analysis of aging using the

psychophysiological approach (i3).
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PUBLICATIONS FOR THE CURRENT YEAR (1/1/87-12/31/87)

Note that full reports of those entries preceded by a number are provided

in the appendix.

3.1

1.

10.

1.

Papers and Chapters

Coles, M. G. H., Gratton, G., & Donchin, E. (in press). Detecting early
communication: Using measures of movement-related potentials to illuminate
human information processing. Biological Psychology.

Coles, M. G. H., Gratton, G., & Fabiani, M. (in press). Event-related
brain potentials. To appear in Cacioppo, J. T. & Tassinary, L. G., (Eds.)
Principles of Psychophysiology: Physical, Social, and Inferential Elements.
Cambridge: Cambridge University Press.

Coles, M, G. H., Gratton, G., & Gehring, W. J. (1987). Theory in cognitive
psychophysiology. Journal of Psychophysiology, 1, 13-16.

Coles, M. G. H., & Sirevaag, E. (1987). Heart rate and Sinus Arrhythmia.
In A. Gale, & B. Christie (Eds.), Psychophysiology and the electronic
workplace. London: John Wiley & Sons.

Donchin, E., & Coles, M. G. H. (in press). Is the P300 component a
manifestation of context updating? The Behavioral and Brain Sciences.

Donchin, E., Gra-ton, G., Dupree, D., & Coles, M. G, H. (in press). After
a rash action: Latency and amplitude of the P300 following fast guesses. In
G. Galbraith, M. Klietzman, & E. Donchin (Eds.) Neurophysiology and
Psychophysiology: Experimental and Clinical Applications. Hillsdale, NJ:
Erlbaum.

Fabiani, M., Gratton, G., Karis, D., & Donchin, E. (in press). Definition,
identification, and reliability of measurement of the P300 component of the
event-related brain potential. In P. K. Ackles, J. R. Jennings, & M. G. H.
Coles (Eds.) Advances in Psychophysiology, Volume 2. Greenwich, CT: JAI
Press, Inc., pp. 1-78.

Gratton, G., Coles, M. G. H., Sirevaag, E., Eriksen, C. W., & Donchin E.
(in press). Pre- and post-stimulus activation of response channels: A
psychophysiological analysis. Journal of Experimental Psychology: Human
Perception and Performance.

Kramer, A.F. Event-related brain potentials. ('987). 1In A. Gale and
B. Christie (Eds.), Psychophysiology and the Electronic Workplace. Sussex,
England: John Wiley and Sons.

Kramer, A., Sirevaag, E., & Braune, R. (1987). A psychophysiological
assessment of operator workload during simulated flight missions. Human
Factors, 29(2), p. 145-160.

Kramer, A., Sirevaag, E., & Hughes, P. (in press). Effects of foveal task
load on visual-spatial event-related brain potentials and performance.

Psychophysiology.
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16.

17.

18.

19.

20.

Kramer, A. F., & Strayer, D. L. (in press). Assessing the development of
automatic processing: An application of dual-task and event-related brain
potential methodologies. Biological Psychology.

Miiler, G. A., Bashore, T. R., Farwell, L. A., & Donchin, E. (1987).
Geriatric psychophysiology. In K.W. Schaie (Ed.), Annual Review of
Gerontology and Geriatrics, Volume 7 (pp. 1-27). New York: Springer-
Verlag.

Miller, G. A., Cratton, G., & Yee, C. M. (in press). Generalized
implementation of an eye movement correction procedure. Psychophysiology.

Wickens, C. W. (in press). Application of ERPs to human factors. 1In
J. Rohrbaugh, R. Johnson, and R. Parasuraman (Eds.), Event-related
potentials and the brain. New York: Oxford University Press.

Articles Submitted for Publication

Fabiani, M., Karis, D., & Donchin, E. (1987). Effects of strategy
manipulation in a von Restorff paradigm. Submitted for publication.

Farwell, L. A. & Donchin, E. (submitted). Talking off the top of your
head: A mental prosthesis utilizing event-related brain potentials.
Electroencephalography and Clinical Neurophysiology.

Gratton, G., Coles, M. G. H., & Donchin, E. (1987). A procedure for using
multi~electrode information in the analysis of components of event-related
potentials: Vector Filter. Psychophysiology. Submitted for publication.

Gratton, G., Kramer, A. F., Coles, M. G. H., & Donchin, E. (1987). A
simulation study of the latency measures of components of event-related
brain potentials. Psychophysiology. Submitted for publication.

Sirevaag, E., Kramer, A., Coles, M. G. H., & Donchin. E. (1987). Resource
reciprocityv: An event-related brain potentials analysis. Acta
Psychologica. Submitted for publication.

Stolar, N., Sparenborg, S., Donchin, E., & Gabriel, M. (1987). An animal
model for the P300 component of the event-related potential in humans.
Behavioral Neuroscience, Submitted for publication.

Abstracts

Jenkins, S., Gratton, G., Coles, M. G. H., & Donchin, E. (1987). P300
latency and task requirements (Abstract). Psychophysiology, 24, 594.

Sirevaag, E., & Kramer, A. (1987). N100O and P300 tuning effects during an
attention switching task (Abstract). Neuroscience, 17, 654,
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26,

Presentations

Coles, M. G. H., Gratton, G., & Donchin, E. (1987). Changing minds: Using
measures of movement related potentials to illuminate evaluation processes.
Presented at The IV International Conference on Cognitive Neuroscience,
Dourdan, France.

Gehring, W. J., Strayer, D. L., Kramer, A., Donchin, E., & Miller, G.
(1987). An evaluation of age differences in the development of
automaticity. Proceedings of The IV International Conference on Cognitive

Neuroscience, Paris-Dourdan, France.

Gratton, G. (1987). The use of scalp distribution to separate components
of the Event-Related Brain Potential. Presented at The IV International
Conference on Cognitive Neuroscience, Dourdan, France.

Gratton, G. & Coles, M. G. H. (1987). Detecting early communication: Can
response preparation begin before stimulus evaluation ends? Presented at
the Annual Hoosier Mental Life Meeting, Monticello, IL.

Gratton, G., & Coles, M. G. H. (1987). Generalization and evaluation of
eye-movement correction procedures. Presented at the Workshop on Removing

Eye Movement Artefacts from the EEG, Tilburg, Holland.

Kramer, A. F., & Strayer, D. L. (1987)., P300 operating characteristics:
Performance/ERP analysis of dual-task demands and automaticity.
Proceedings of the 4th International Conference of Neurosciences, Paris-
Dourdan, France.

Straver, D.L., Gehring, W.J., Kramer, A,F., & Miller, G.A. (1988, April).
Adult age differences in the development of automaticity: A
psychophysiological assessment. Paper to be presented at the Eleventh
Psychology in the Department of Defense Symposium, Colorado Spr:.ngs.
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4., PUBLICATIONS FOR 1/1/85-12/31/85
4.1 Papers and Chapters
1. Coles, M. G. H., Gratton, G., Bashore, T. R., Eriksen, C. W., & Donchin, E.

(1985). A psychophysiological investigation of the continuous flow model
of human information processing. Journal of Experimental Psychology: Human

Perception and Performance, 11, 529-533.

2. Coles, M. G. H., & Gratton, G. (1985). Psychophysiology and contemporary
models of human information processing. In D. Papakostopoulos & I. Martin
(Eds.), Clinical and Experimental Neuropsychophysiology. Beckenham,
England: Croom Helm, Ltd.

3. Donchin, E., Miller, G. A., & Farwell, L. A. (1986). The endogenous
components of the event-related potential -- A diagnostic tool? In E.
Fliers (Ed.), Progress in Brain Research. Amsterdam: Elsevier.

4, Heffley, E., Foote, B., Mui, T., & Donchin, E. (1985). PEARL II: Portable
laboratory computer system for psychophysiological assessment using event
related brain potentials. Neurobehavioral Toxicology and Teratology, 7,
409-414,

5. Kramer, A. F. (1985). The interpretation of the component structure of
event-related brain potentials: An analysis of expert judgments.
Psychophysiology, 22, 334-344.

6. Kramer, A. F., Wickens, C. D., & Donchin, E. (1985). Processing of
stimulus properties: Evidence for dual-task integrality. Journal of
Experimental Psychology: Human Perception and Performance, 11, 393-408.

4.2 Abstracts and Conference Presentations

7. Farwell, L.A., Chambers, R.D., Miller, G.A., Coles, M.G.H., & Donchin, E.
(1985). A specific memory deficit in elderly subjects who lack a P300
(Abstract). Psychophysiology, 22, 589.

8. Gratton, G., Coles, M. G. H., Sirevaag, E., Eriksen, C. W., & Donchin, E.
(1985). Examining stimulus evaluation and response preparation with
psychophysiological measures (Abstract). Psychophysiology, 22, 592.

9, Kramer, A. F., & Sirevaag, E. (1985). Dual-task processing and visual
selective attention: An event—related brain potentials analysis
(Abstract). Psychophysiology, 22, 592.
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5.1 Papers and Chapters

l. Coles, M. G. H., & Gratton, G. (1986). Cognitive psychophysiology and the
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(Eds.), Energetic and Human Information Processing. Dordrecht, The

ﬁ Netherlands: Nijhoff, 409-425.
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Principles of signal acquisition and analysis. In M. G. H. Coles, E.
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(1986). Cognitive psychophysiology and human information processes. In M.
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Event-Related Potentials. Supplement 38 to Electroencephalography and
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* 6. Fabiani, M., Karis, D., & Donchin, E. (1986). P300 and memory. In W. C.
|
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issues in research on human information processing. In G. R. J. Hockey, A.
: W. K. Gaillard, & M. G. H. Coles (Eds.), Energetics and Human Information
‘ Processing. Dordrecht, The Netherlands: Martinus Nijhof, pp. 3-21.
f

]

{

I

i

|
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]

!
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Article 1.

Proceedings of the Fourth International Conference on Cognitive Neuroscience
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Abstract

In this paper we review evidence that suggests that the stimulus
evaluation system can pass information to the response activation system
before evaluation is completed ("early communication"). This evidence is
derived from measures of the 2ralized readiness potential, which have
been related in previous research to the preparation for movement. Early
communication is evident in conflict and congruence paradigms. In both
paradigms, a single stimulus, or two different stimuli, deliver two aspects
of information. In the conflict paradigm, the first aspect of information
(derived from preliminary evaluation) primes the incorrect response, while
the second primes the correct response. [n the congruence paradigm,
information derived from preliminary and complete evaluation is congruent.
In both paradigms, lateralized readiness potential measures suggest that
preliminary evaluation is able to prime the response system, although the
overt motor response may not be released until evaluation is completed.
This demonstration of early communication has both theoretical and practical
imptications. First, it does not support single-decision models of
information processing. Second, it suggests that the lateralized readiness
potential, a continuous, analog measure of the activity of the response
system, can be used to make inferences about the nature of the evaluation
process, and to localize the effects of various manipulations on the

information processing System.
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Detecting early communication; Using measures of movement-related

potentials to illuminate human information processing

Michael G. H. Coles, Gabriele Gratton, & Emanuel Donchin

1. Introduction

A central issue in contemporary research on human information
processing concerns the nature of the transmission of information between
elementary information processing activities (e.g., Meyer, Yantis, Osman, &
Smith, 1986, and Meyer, Osman, Irwin, & Yantis, this volume). Two classes

of models can be identified: discrete models, that assume that information

is transmitted discretely, aonly when processing at a particular level of_the
system (or stage) is completed (e.g., Sanders, 1980; Sternberg, 1969), and

continuous models, that assume that information is transmitted continuously,

as soon as it is available (e.g., Eriksen & Shultz, 1979; Grice, Nullmeyer,
& Spiker, 1982; McClelland, 1979). A hybrid model has been proposed by

Miller (1982), the asynchronous discrete coding model. Like discrete

models, this model assumes that information is transmitted discretely, but
like continuous models, it assumes that information may be transmitted
before processing at a particular level is completed. Thus, information is
transmitted in "chunks," whose size and number may vary as a function of the
nature of the information.

The psychophysiological evidence we review in this paper suggests that
communication between stimulus evaluation and response activation systems
can take place continuously, or at least in chunks. In particular, the
activity of the motor system can be influenced by preliminary phases of

stimulus evaluation.
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1.1 Early Communication

To address the gquestion of the nature of communication, it is assumed
that the information processing system can be represented by two major

subsystems: a stimulus evaluation system responsible for the identification

of stimulus information, and a response activation system that is directly

responsible for the generation of overt behavioral responses. This
assumption, which is prevalent in contemporary theorizing about information
processing (see, for example, Grice et al., 1982; Posner, 1978), can be
traced directly to the work of Donders (1868/1969) and his followers (e.g.
Sanders, 1980; Sternberg, 1969). A further assumption is that each of these
systems c£an pass through intermediate, states, or levels of activation, =
before it achieves a threshold level (Eriksen & Schultz, 1979; McClelland,
1979; Meyer et al., 1986; Miller, 1982). For the stimulus evaluation
system, this threshold level corresponds to "complete" evaluation of the
stimulus (by which we mean that sufficient information has been extracted
from the stimulus to enable the subject to produce the correct response).
For the response system, the threshold level corresponds to the initiation
of the response. These ideas are represented by the activation by time

functions in Figure 1.

- - - = - —— -

e e e e e ct e —. - - - -—---

Given these assumptions, the question of communication between stimulus
evaluation and response systems can be rephrased as follows: can the
stimulus evaluation system transmit informaticn to the response system
before evaluation is completed? If so, then the response system should be

influenced by preliminary phases of evaluation. This type of influence can
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be referrgd to as "early communication." Note that, in Figure 1, the
presence of early communication is associated with a subthreshold increase

in the level of response activation.
2. Measuring Partial Response Activation

The response activation function depicted in Figure 1 is, of course,
hypothetical. To explore this function and detect early communication we
must identify procedures that can be used to reveal the presence of
subthreshold response activation. One approach to this problem is to use
experimental manipulations which allow one to infer the presence of “early
communication" effects from measures of overt behavior (e.g., Miller, 1982;
Proctor & Reeve, 1985; Kounios, Osman, & Meyer, 1987). This approach may
also incorporate the analysis of reaction time distributions (e.g. Logan &
Cowan, 1984; Meyer et al., 1986). Another approach involves the use of
measures of peripheral subthreshold motor activity (the electromyogram) to
infer the presence of partial response activation (Coles, Gratton, Bashore,
Eriksen, & Donchin, 1985; Eriksen, Coles, Morris, & O'Hara, 1985).

[n this paper, however, we focus on event-related brain potential
measures, and in particular on the lateralized negative potentials that have
been found by many investigators to precede left- and right-hand overt
responses. As we will discuss later, these measures satisfy several
criteria for measures of response activation. First, they are intimately
related to the the activity of the motor system. Second, a fixed
relationship can be observed between these measures and the emission of the
overt response. Third, they are affected by experimental variables that are
assumed to produce response activation (e.g., priming, bias, etc.). Fourth,

they are related to the parameters of the subsequent overt response
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(accuracy. and latency).

These lateralized negativities were first observed in studies of
voluntary movements (Kornhuber & Deeke, 1965). When subjects anticipate
making a response with a particular hand, an inCrease in negativity occurs
that is larger at scalp sites contralateral to the responding hand (Kutas &
Donchin, 1974; Vaughan, Costa, & Ritter, 1972).

The scalp sites at which these potentials are maximal are those over
lateral central areas (C3 and C4) or over adjacent sites (frequently
described as C3' and C4'). Note that these sites are in close proximity to
those areas of the brain that are presumed to control movement (Penfield &
Jasper, 1954). Of course, proximity to a particular brain area < no —
guarantee that an electrode is sensitive to activity of that brain area.
However, in this case, there is evidence from a variety of studies, some of
which we review below, to relate the lateralized negative scalp potentials
to activity in motor brain areas.

We refer to these negativities as the "lateralized readiness potential"
and will focus in this paper on the difference in potential between scalp
sites contralateral and ipsilateral to particular responses.

The claim that this potential is related to the activity of the motor
system is supported by functiona) and neurophysiological evidence. First,
as we noted previously, this potential precedes movements. Second,
neurophysiological data suggest that the source of the potential may lie, at
least in part, in motor regions of the cortex (e.g., Arezzo & Vaughan, 1975;
Okada, Williamson, & Kaufman, 1982). There are also strong similarities
between the activity of units in the motor cortex and the potential (Requin,
1985). For these reasons, it is clear that the potential is related to

motor activity.
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The fixed relationship between the lateralization of the readiness
potential and the production of the motor response is evident in data from
Gratton, Coles, Sirevaag, Eriksen, and Donchin (in press). In this study, a
fixed level of lateralization was observed at the moment of the onset of EMG
activity, regardless of response accuracy or latency.

A variety of studies have demonstrated that the measure is influenced
by those variables that are assumed to produce partial response activation.
In one class of studies, information about a future response is provided by
a valid precue. Such information should be associated with a sub-threshold
increase in activation of the predicted response. In the most extreme case,
the precue provides complete information about the response to be_given, .aad
the imperative stimulus only provides temporal information. For example,
Kutas and Oonchin (1980) studied the lateralized readiness potential in the
context of & two-choice reaction time task, in which the two responses were
assigned to left and right hands. [n one condition the precue (warning
stimulus) perfectly predicted the imperative stimulus that would occur one
second later. In another condition, the precue did not provide advance
information. In the precued condition, the lateralized readiness potential
developed during the foreperiod with greater negativity at scalp sites
contralateral to the response associated with the predicted stimulus. In
the non-precued condition, on the average, lateralization was not evident
until after the response relevant information was delivered by the
imperative stimulus. These data are presente& in Figure 2. Rohrbaugh,
Syndulko, and Lindsley (1976) and Gaillard (1978) observed a similar
lateralization of the readiness potential during the foreperiod of simple

warned reaction time tasks.
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Lateralization effects can also be observed when the orecue provides
only probabilistic information about the upcoming imperative stimulus (and
future response). In fact, when the validity of the precue is .8,
lateralization effects are still present (Bosco et al., 1986; Gehring,
Gratton, Coles, & Donchin, 1986).

Another line of evidence comes from studies of the relationship between
lateralization in the foreperiod of reaction time tasks and the accuracy -a&d
latency of responses. In particular, the probability that a particular
fast-guess response will be given depends on the degree of lateralization
during the foreperiod (Gehring et al., 1986; Gratton et al., in press).
Additional evidence indicates that, in a simple reaction time task, fast
responses are associated with greater lateralization than slow responses
(Rohrbaugh et al., 1976).

Evidence for the role of lateralized brain electrical activity in the
preparation for movement is also provided by studies of the effects of
externally applied direct currents on reaction time. Birbaumer and his
colleagues (e.g., Jaeger, Elbert, Lutzenberger, & Birbaumer, in press)
applied currents of different directions at (3 §nd C4. This procedure is
believed to result in lateralized polarization of cortex. These
investigators report a small, but significant effect on reaction time as a
function of the hand used to respond and direction of current flow.

In summary, data from a variety of sources converge in suggesting that

the lateralized readiness potential can be used as a measure of the relative
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activatiaon of responses (when the response are assigned to different hands).
The potential (a) appears to be generated (at least in part) in motor
regions of the brain, (b) has a fixed level at the moment of response
emission, (c) is influenced by those variables that affect response
activation, and (d) is related to the accuracy and latency of overt
behavioral responses.

In measuring the lateralized readiness potential it is important that
steps are taken to ensure that only movement-related potentials are
represented in the lateralization waveforms. First, experimental conditions
are established so that parameters of left- and right-hand responses (such
as response latency) are comparable. Second, averages for left- and -
right-hand responses are computed separately. Third, these averages are
then combined with equal weight. If these steps are followed, asymmetrical
activity unrelated to the sige of movement should average to zero leaving
only movement-related activity (see also De Jong, Wierda, Mulder, & Mulder,

in press; Gratton et al., in press).
3. Early Communication Paradigms

Having found a suitable measure of partial response activation, we now
need to consider paradigms in which we can use the measure to investigate
the question of early communication between stimulus and response systems.
Recall that we are trying to determine whether preliminary stimulus
evaluation can lead to partial response activat}on. Thus, a suitable
paradigm must provide the opportunity for the stimulus evaluation system to
transmit preliminary information to the response System that is in some way
distinguishable from that derived from complete evaluation. By "complete

evaluation" we mean evaluation of all the information required to give the
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correct response. In the present paper we consider two paradigms that
appear to provide this opportunity, the conflict paradigm and the congruence
paradigm,

3.1 The Conflict Paradigm

The conflict paradigm is based on the idea that two aspects of the
stimulus information prime different responses. Furthermore, the
manipulations are arranged such that the two aspects are analyzed (and are
therefore available to the response system) at different moments in time.
Thus, the effects of preliminary and complete evaluation are in conflict.

In particular, experimental contingencies in a two-choice reaction time task
are arranged such that preliminary evaluation should lead to one responsey
while complete evaluation should lead to the other response. Ii the
responses are assigned to different hands, brain potentials associated with
one response should be distinguishable from those associated with the other
response, Since preliminary evaluation should lead to the activation of the
incorrect response, while complete evaluation should lead to activation of
the correct response, a reversal in lateralization when conflicting
information is presented provides evidence for early communication. These

ideas are represented diagrammatically in Figure 3.

e m e e e, A E—, - ——-———-——-—
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We describe here three different instances of the conflict paradigm.
They involve different degrees of separability of the two aspects of the

information.

In the first instance (Precueing Task, e.g., Bosco et al., 1986;

Gehring et al., 1986), preliminary information is delivered by one stimulus,
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while complete information is delivered by a second stimulus presented
sometime later. Thus, information | and 2 (see Figure 3) are delivered at

different times.

In the second instance (Noise-Compatibility Task, e.g., Gratton et al.,

in press; Smid, Mulder, & Mulder, 1988), all the information is presented in
a single visual array. However, the conflicting response-relevant
dimersions of the array are spatially separated. A target letter, to which
the subject must respond, is surrounded by noise letters that call for the
incorrect response.

In the third instance ("Stroop" Task, Buckley, Gratton, Kramer, Coles,
& Donchin, 1988), the competing response-relevant dimensions are provided-by
the same stimulus. The stimulus is a word whose orthographic attributes
call for the incorrect response and whose phonologic characteristics call
for the correct response.

Thus, the three examples represent different degrees of separability of
the two response-relevant stimulus dimensions. In the precueing task, they
are temporally separated. In noise-compatibility and "Stroop" tasks, they
are different attributes of the same stimulus. In the noise-compatibility
task, the attributes are also spatially distinguishable.

3.1.1 The Precueing Task. In this task (Bosco et al., 1986; Gehring

et al., 1986) one of two warning stimuli informs the subject that the same,
or the other, stimulus will appear after a second or so with a particular
probability (e.g., .8). Subjects must execute a response to the second
stimulus (i.e., imperative stimulus) with one hand or the other. In this
situation, reaction time data suggest that subjects generally use the
warning information to prime the appropriate response.

As can be seen in the upper panel of Figure 4, the lateralized
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readiness_potential data suggest that subjects prime the appropriate
response during the foreperiod, when the precue provides useful information,
As the lower panel of Figure 4 indicates, when the precue has no predictive
value, there is, on the average, no lateralization during the foreperiod.
The lateralization only develops after the imperative stimulus.l

In the predictive condition {upper panel), if the imperative stimulus

matches the warning stimulus, the degree of lateralization increases in the
direction of the predicted (same) response. However, if an unpredicted
imperative stimulus is presented, as happens on 20% of the trials, then the
lateralization reverses in the direction of the (different) response. These
data suggest that, when conflicting information is delivered at different
points in time, subjects begin by priming one response and then reverse
their priming and execute the other response.

The next two experiments address a more challenging question: If
information calling for conflicting responses is carried by the same
stimulus, will we see the same pattern of reversal in lateralization? That
is, will the changes in lateralized readiness potential evident in Figure 4
be compressed into the post-stimulus epoch? I[f the answer to this question
is "yes," then we will have evidence that preliminary phases of evaluation
can lead to the activation of the response system.

3.1.2 The Noise-Compatibility Task. In this task (Gratton et al, in

press; Smid et al., 1988), an array of letters is presented on a screen, and
subjects are instructed to respond with their left or right hands depending

on the “target" letter appearing on the center of the array. Letters that
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flank the target letter (noise letters) can be the same as the target
(compatible-noise trials), or those that call for the other response
(incompatible-noise trials).

Coles et al. (1985) and Gratton et al. (in press) have shown that
information about the letters in the array is available during preliminary
phases of stimulus evaluation, but that subjects cannot locate the target
letter until later (cf. Treisman & Gelade, 1980). Therefore, we should see
the reversal in the lateralized brain potential when the target letter and
noise letters conflict - if early communication occurs.

Data from the Gratton et al. (in press) study are presented in Figure
5. In the top panel, the overt behavioral data are presented in the form.of
speed-accuracy trade-off function that Luce (1986) calls "conditional
accuracy functions.® The function for incompatible noise stimuli reveals
that there is & response latency (between 150 and 250 ms) for which accuracy
is less than chance. This is not true for compatible stimuli. Accuracy is
above chance for responses to compatible noise trials with a latency between
150 and 250 ms. This indicates that, when subjects respond at this latency,
the accuracy of their responses is more dependent on the type of noise
letters than on the target letter. It appears that, at this latency, the
subject has identified what the letters are, but does not know where they
are.

- —— - - - -

For responses of longer latency, response accuracy is high regardless
of the compatibility of the noise. This suggests that the accuracy of these

responses is the result of correct identification and localization of the
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target letter.

Thus, the conditional accuracy functions support the idea that
preliminary stimulus evaluation results in identification of the letters in
the array, and that later, "complete" evaluation results in the location of
the target letter.

Lateralized readiness potential data are shown in the middle panel of
Figure 5. Note that these functions, like the conditional accuracy
functions suggest that there is a time following stimulus presentation when
the incorrect response is preferentially primed if the array contains
incompatible noise.

Although suggestive, these data do not necessarily support the idea Qf
early communication. In fact, both lateralization waveforms and conditional
accuracy functions are the result of aggregating data over trials - and, for
this reason, they may not present an accurate picture of what is going on
during individual trials. The lateralization data are based on averages of
all trials regardless of the accuracy of the response. We know that the
readiness potential lateralizes just prior to the execution of an overt
response. For incorrect responses, the lateralization would be associated
with a downward deflection of the trace. Thus, the reversal seen in the
average lateralization waveform for incompatible trials may be due to the
fact that, at intermediate latencies, the average lateralization values
reflect the contribution of the larger number .of trials with incorrect
responses at these latencies. The evidence we need to demonstrate that
early communication can occur is a reversal in the lateralization on
individual trials. Obviously, this is a problem because one must aggregate

data in order to enhance the signal/noise ratio of the lateralized readiness

potential.
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We reasoned that a solution to this problem was to select a subset of
trials for which only the correct overt response was given and for which
overt response latency was relatively constant (300-349 msec). We have
evidence that responses of this latency are not likely to be the result of
fast guesses (Gratton, et al., in press) and that the subjects were
responding mainly on the basis of a complete evaluation of the stimulus.
Thus, any reversal in the lateralized readiness potential seen for this
subset of trials cannot be attributed to the inclusion of incorrect response
trials. Rather, it should be attributed to partial incorrect response
activation as a result of early communication on these trials.

Averages for these trials are shown in the lower panel of Figure 5. o
Note that, on incompatible response trials the reversal in lateralization is
clearly visible and significant.2 These data support the inference that
early communication is possible and that, at least on some trials in this
task, preliminary information was transmitted to the responsa system before
the stimulus was completely evaluated.

Similar data have been obtained by Smid et al. (1988). Their data are
shown in Figure 6. More conditions were included in this experiment;
however, the reversal in lateralization is clearly evident in the data for
incompatible noise. These averages are based on correct response trials

only - but the latency of the overt response was not restricted.

- - - - - - -—-
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3.1.3 The "Stroop" Task. In this task, conflicting information is
carried by different attributes of the same stimulus. In the classic Stroop

paradigm, names of colors are written in different colored inks. When the
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color namg_and ink color are different, and the subjects must name the ink
color, conflict is evident in reaction time and accuracy measures.

Buckley et al. (1988) studied the lateralized readiness potential in a
variant of the Stroop task. In this experiment, information derived from an
orthographic analysis of a visually presented word conflicted with
information derived from a phonological analysis (cf. Polich, McCarthy,
Wang, & Donchin, 1983; Kramer & Donchin, 1987). Two words, separated by
1000 ms, were presented to the subject. Four fypes of word pairs were used,
in which:

a. Words rhymed and looked alike (e.g. COOK - BOOK);

b. Words rhymed and did not look alike (e.g. DOUGH - FLOW); —

C. Words did not rhyme but looked alike (e.g. DOVE - MOVE);

d. Words neither rhymed nor looked alike (e.g. TABLE - SOAP).

In one session, the subjects' task was to judge whether the words
rhymed, in another, subjects had to judge whether the words looked alike.
Note that conflict is present in two types of word pairs: DOUGH - FLOW and
DOVE - MOVE. For half the subjects, "yes" judgements were indicated with
the right hand, and "no" judgements with the left, The converse was the
case for the other subjects.

Reaction time data revealed that the effects of conflict were much more
potent in the rhyme task than in the visual task. A detailed analysis of
conditional accuracy functions suggested that information about the
orthography was available before information about phonology.

The question is, therefore, does the reversal in lateralization occur
for conflict words in the rhyme task? No reversal would be expected in the
visual task because the correct response can be made on the basis of the

orthographic information, which is available first. The relevant data are
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shown in Lhe upper panel of Figure 7. In the conflict conditions, when the
words look alike but do not rhyme, or rhyme but do not look alike, there is
a reversal in the lateralized brain potential.3 When there is no conflict,
there is no reversal. The lateralization data for the visual task are
presented in the lower panel of Figure 7. When the subject's task is to
judge whether the words look alike (the visual task), there is no reversal

in lateralization when phonology conflicts with orthography.

- - - - - ————
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3.1.4 Summary. The data from the different instances of the confliet
paradigm converdge in suggesting that early communication between the
stimulus evaluation and response systems does indeed occur. Whether
conflicting information is presented at different moments in time, or by
different attributes of the same physical stimulus, subjects appear to
activate the incorrect response based on preliminary evaluation. The
correct response may be activated later, when more information about the
stimulus is processed.

3.2 Congruence Paradigm

In the previous section, we have seen how the lateralized readiness
potential provides evidence for early communication when the effects of
preliminary evaluation conflict with those of "complete" evaluation. As
with the conflict paradigm, the congruence paradigm focuses on the idea that
a particular response is somehow influenced by two distinct aspects of
stimulus information. However, while in the conflict paradigm the
information is in conflict, in the congruence paradigm it is congruent. The

two aspects of information may be delivered by two different stimuli
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presented.at different times, or by the same stimulus. I[n the latter case,
the experimental contingencies are such that one aspect of the information

is available before the other. The congruence paradigm is illustrated in

Figure 8.

- - — - - ——— . = ==

The Bosco et al. (1986) and the Gehring et al. (1986) experiments,
described earlier, provide examples of a situation in which a warning
stimulus delivered information that was congruent with a subsequent
-imperative stimulus 80% of the time. As can be seen in Figure 4, under -—
these circumstances lateralization develops in the foreperiod in the
direction of the expected response, and when a congruent imperative stimulus
is presented, the lateralization further develops in the same direction.

Can we see a similar influence of partial priming when the two aspects of
the stimulus information are presented simultaneously? In the Gratton et
al. (in press) study, this situation is realized when target and noise
letter are the same (the compatible-noise condition). As the bottom panel
of Figure 5 shows, this condition is associated with an early lateralization
in the direction of the correct response, which is quite distinguishable
from the later lateralization, and which is symaetrical to the
lateralization in the direction of the incorrec* response in the
incompatibie-noise condition.

In the preceding examples, the number of alternative responses was
always two, and the target stimulus could vary along one dimension.
Furthermore, the partial information (the precue or the noise letters) was

not always valid. In contrast, in the Miller paradigm (Miller, 1982), used
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by Oe Jong et al. (in press), the partial information is always valid, but
it is incomplete. In this paradigm, subjects perform a four-choice reaction
time task, in which responses are assigned to the index and middle fingers
of each hand. Imperative stimuli vary along two dimensions (e.g., size and
letter name), and each response is assigned to a unique combination of the
two dimensions. In one condition, a precue (occurring .5 sec before an
imperative stimulus) provided information that the forthcoming imperative
stimulus would require a response by one of two fingers of a particular
hand. In this case, a lateralization developed in the foreperiod in the
direction associated with the cued hand. Following the imperative stimulus
which specified the finger to be used in the response, the lateralization.
continued to develop in the same direction. Lateralization in the
foreperiod was not observed when the precue specified the finger (on
different hands) that would have to be used.

In another condition, De Jong et al. (in press) sought to determine
whether early lateralization would occur when the partial information about
hand and compiete information about finger were delivered by the same
stimulus. To insure the temporal dissociation between the two aspects of
the information, the discrimirability of the two stimulus dimensions was
made different. It was assumed that information concerning the
easy-to-discriminate dimension would be processed faster than the
information concerning the difficult-to-discriminate dimension. Thus, if
early communication exists, there should be partial response priming on the
basis of the easy dimension. Three basic stimulus/response assignments were
used. In the first, analysis of the easy dimension should permit the
subject to prime the response hand (PREPARE HANDS), in the second, the same

finger on each hand (PREPARE FINGERS), and, in the third, a different finger
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on each hand (PREPARE NEITHER).

De Jong et al. (in press) predicted that partial response priming
should be revealed by earlier lateralization of the readiness potential in
the PREPARE HANDS condition, than in the other two conditions. Thisg is
because information provided by the easy-to-discriminate aimension should
permit the subject to start preparing the response hand before selecting the
appropriate finger if information about the hand was available early in the
evaluation process. Note that early communication might occur in the other
two conditions, but it would not be detectable since it would result in
partial priming of individual fingers on both hands.

In fact, De Jong et al. (in press) found no evidence for earlier e
lateralization in the PREPARE HANDS condition. The onset of the
lateralization did not differ among the three conditions. These data
suggest, therefore, that response priming on the basis of preliminary
stimulus evaluation does not occur in this case.

3.2.1 Summary. In contrast to the conflict paradigm, the congruence
paradigm does not provide consistent support for the idea of early
communication. When the congruent information is delivered at different
moments in time by two stimuli, the readiness potential clearly suggests
that the subjects prime their responses on the basis of the preliminary,
partial information. When congruent information is delivered by the same
stimulus, the effect of early communication is not always apparent. It is
evident when, as in the compatible condition of the noise-compatible task,
the preliminary information is sufficient to lead to the preparation of one,
and only one response. It is not evident, however, in the Miller task, used
by De Jong et al. (in press), where preliminary information is compatible

with more than one response. In the PREPARE-HANDS condition, such
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informatigQn_identifies the hand to be used in responding, but does not
specify the finger.

This difference between these two kinds of congruence tasks may be
associated with different strategies. Since preliminary evaluation in the
Miller task is insufficient to define the required response, subjects may
prime that response to a lesser degree than when the response is completely
specified. Thus, in the Miller task the lateralization associated with
partial evaluation will be smaller, and therefore less detectable, than in
the noise-compatibility task. Two other possibilties are suggested by De
Jong et al. (in press). First, subjects may not use the results of
preliminary evaluation in the Miller task to prime their responses. —
Instead, they may wait until the stimulus has been completely evaluated and
then select and prepare the required response in one step, rather than
selecting the response hierarchically (e.g., hand first, then finger). In
this case, of course, no effects on the lateralized readiness potential
would be expected. Second, while subjects may select their responses
hierarchically, such a strategy may not be driven by the relative time at
which information about the two dimensions is available, but by the
translation rules that map stimuli to responses. In terms of the model we
presented in Figure 1, these strategic effects can be conceptualized in
terms of adjustments in the way in which stimulus evaluation and response

systems communicate (Logan, 1980).

4, Discussion

The data reviewed in the preceding sections suggest that, under at
least some conditions, the readiness potential measures detect the presence

of early communication. Different aspects of the stimulus information
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produce disftinguishable effects on the response system. In the conflict
paradigm, the incorrect response can be activated first at a subthreshold
level as a result of preliminary stimulus evaluation. Later on, the correct
response is activated at a threshold level as a result of “complete"
evaluation. In the congruence paradigm, the correct response can be
activated first at a subthreshold level by partial evaluation, and later at
a threshold level by complete evaluation.

Early communication is not predicted by models that postulate a single
decision at the interface between the stimulus evaluation and the response
systems (Sternberg, 1969). In fact, such models assume that information is
transmitted between different elements of the information processing system
in a discrete, all-or-none fashion. In some of the experiments we have
described, information is clearly not transmitted in a single chunk. In
this sense, the data are compatible with continuous flow models (Eriksen &
Schultz, 1979; Grice et al., 1982), but they are also compatible with the
asynchronous discrete model of Miller (1982). Although the form of the
lateralized readiness potential suggests a continuous modulation of the
level of response activation, this continuity maybe an artifact of tre
averaging process. A small number of discrete “quanta" of activations of
the correct and incorrect response may produce the pattern of lateralization
data we observe in the conflict and congruence paradigms. In fact, at the
present time, we have no way to distinguish between models that propose
continuous communication and those that propose communication in multiple
chunks.

The possibility of early communication means that the response system
can be sensitive to intermediate phases of the stimulus evaluation process.

Therefore, measures of partial response activation provided by the
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lateralized readiness potential can be_used to investigate how stimulus
information is analyzed. for example, the latency of the lateralization of
the readiness potential could be used as an index of the timing of
intermediate evaluation phases (see Buckley et al., 1988; De Jong et al., in
press; Gratton et al., in press). When lateralization is observed,
following stimulus presentation, the subject presumably has access to a
particular aspect of the stimulus information.

Even in those cases in which the lateralization of the readiness
potential does not reveal the presence of early commurication, this measure
can be used to make inferences about the strategies used by the subject to
perform the task. We have seen an example of this in the De Jong et al. {(¥n
press) study. Note that to use the lateralization data in this way it is
essential to demonstrate that the different dimensions of stimulus
information manipulated (a) can be processed independently, and (b) activate
responses at different times. Only when it is possible to demonstrate that
the subject might have performed the task differently, can it be concluded
that strategic choices, rather than cognitive limitations, are responsible
for the failure to detect early communication,

The apparent sensitivity of the lateralized readiness potential to
subthreshold response activation suggests a number of other situations in
which this measure can be used to understand the information processing
system. For example, it could be used to determine whether a particular
interference effect involves subthreshold activdtion of inappropriate
responses, or is instead localized at more central levels of the information
processing system. Questions about the locus of different stimulus-response
compatibility effects (e.g., Magliero, Bashore, Coles, & Donchin, 19843

Ragot, 1984) may be addressed in this way. Furthermore, the onset of the
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lateralization of the readiness potential can be used as a marker for the
occurrence of a particular internal event. In fact, the information

processing system must have distinguished between two alternative hypotheses

about the stimulus by the time the lateralization appears.

In general, then, the lateralization measure can be used, in
conjunction with other psychophysiological measures (EMG onset, P300
latency, etc.) and measures of overt behavior (reaction time, accuracy,
etc.) to explore the complexities of human information processing. In this
paper, we have described one way in which the lateralization of the
readiness potential can be used, namely in the detection of “early

communication."
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Footnotes_

1. When the warning stimuius predicted the imperative stimulus with a
probability of .8, the average value of lateralization for the last 300 ms
of the foreperiod (-0.68 microvolts) was significantly less than 0,
t(5)=-3.38, p<.05. When the warning stimulus had no predictive value, the
dverage lateralization (-0.18 microvolts) was not significantly different

from 0, t({5)=-1.30.

2. The average activity in the interval between 170 and 210 ms after
array presentation was significantly positive, t(5)=2.78, p<.05.

3. The average activity in the interval between 310 and 350 ms after
the presentation of the second word was significantly more negative in the
no-conflict than in the conflict congition, -0.31 vs. 0.09 microvolts,
t(9)=-2.78, p<.05. However, the average activity for the conflict condition
(the "dip") visible in figure 7 was not significantly different from Q,
t(9)=0.71. Note that in this task, as compared to the noise-compatibility
task, there was considerably more variability in reaction time. This
implies that separate averages should be computed for trials with different
response iatencies (as we did in Gratton et al., in press). However, this
was not possible, since only & limited number of word pairs could be
obtained for the "cunflict" condition (a total of 110). Therefore, the
power of this experiment was considerably less than that of the other
experiments described in this paper, and the lack of a significant result is
certainly not surprising. Note, however, the consistency of the waveforms
obtained for the “"conflict" and "no conflict" conditions with those obtained

in comparable cunditions of the noise-compatibility task.
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Figure Legends

fiqure 1. Schematic representation of stimulus evaluation and response
activation systems and the concept of "early communication." Each system
may pass through intermediate states (levels of activation). The evaluation
system may or may not pass information to the response activation system

before stimulus evaluation is completed.

Figure 2. Lateralized readiness potentials time-locked to the motor
response, or to the respond stimulus, for three different conditions.
Voluntary: the subject produced self-paced squeezes. Warned: the éubject
responded to the respond stimulus (RS) in a choice reaction time when the-—
warning stimulus (WS) provided information about the hand to be used.
Choice Warned: the subject responded to the respond stimulus (RS) in a
choice reaction time task when the warning stimulus (WS) did not provide
information about the hand to be used. (Copyright 1980, Elsevier Science
Publishers. Adapted with permission from the author and publisher from

Kutas & Donchin, 1980).

Figure 3. The Conflict Paradigm. The subject receives conflicting
information (information 1 and information 2 are associated with different
responses). Preliminary evaluation (based on information 1) provides
initial evidence for the incorrect response. Complete evaluation (based on
information 2) provides evidence for the correct response. Correct and
incorrect responses are assigned to different hands. Thus, a reversal in
lateralization of the readiness potential will reveal the presence of early

communication.
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Figure 4. Sl indicates the time of presentation of the warning
stimulus; S2 indicates when the imperative stimulus was presented. Upward
deflections indicate greater negativity at the scalp site contralateral to
the same response - and can be considered to refiect activation of the
"same" response. Panel A presents the lateralization data for the condition
in which the precue predicted the imperative stimulus with a probability of
.8. The solid line refers to trials in which the predicted imperative
stimulus (“same") actually occurred, while the dashed lines refers to trials
in which the unpredicted imperative stimulus ("different") was presented.
Panel B presents comparible data for the condition in which the precue did

not hawa any predictive value. (From Bosco et al., 1986.) ——

Figure 5. Top panel. EMG response accuracy is plotted as a function
of EMG response latency for compatible and incompatible conditions. Middle
panel. Lateralization values for the two compatibility conditions. Upward
deflections are given by greater negativity at the electrode site
contralateral to the correct response and thus indicate correct response
activation. Downward deflections indicate incorrect response activation.
Bottom panel. Lateralization values for a subset of trials on which (a) EMG
latency was 300-349 msec, and (b) the first discernible EMG response was
with the correct hand. (Copyright 1988, American Psychological Association.
Reprinted with permission from the author and publisher from Gratton et al.,

in press).
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Fiquee b. Lateralization of the readiness potential for different
conditions of the noise/compatibility experiment. In the No Noise
condition, target letters were presented alone. In the Neutral Noise
condition, noise letters were not associated with any experimentally defined
response. For Compatible and Incompatible Noise conditions, noise letters
were those that called for the same or the opposite response as the target.

(Adapted with permission of the author from Smid et al., in preparation.)

Fiqure 7. Llateralization data averaged over "yes" and "no" responses,
when conflict was or was not present for the rhyme judgment task. Upward
deflections correspond to greater negativity at the scalp site contralateral
to the correct response. Averages are based on all correct response triaT;
regardless of response latency. There were insufficient data to segregate

trials as a function of reaction time. Top Panel. Data from the Rhyme

Task. Bottom Panel. Data from the Visual Task.

Fiqure 8. The Congruence Paradigm. The subject receives congruent
information (information 1 and information 2 are associated with the same
response). Preliminary evaluation (based on information 1) provides partial
evidence for the correct response. Complete evaluation (based on
information 2) provides complete evidence for the correct response. A "two-
step" increase in lateralization of the readiness potential will reveal the

presence of early communication.
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1. Introduction

Ever since Berger (1929) demonstrated that it is possible to
record the electrical activity of the brain by placing electrodes
on the surface of the scalp, there has been considerable interest
in the relationship between these recordings and psychological
processes. While Berger and his followers focussed their
attention on spontaneous rhythmic oscillations in voltage - that
is, on the electroencephalogram or EEG (see chapter 14) - more
recent research has concentrated on those aspects of the
electrical potential that are specifically time-locked to events
- that is, on event-related potentials or ERPs. The ERPs are
regarded as manifestations of brain activities that occur in
preparation for or in response to discrete events, be they
internal or external to the subject. Conceptually, the ERPs are
regarded as manifestations of specific psychological processes.
Later in this chapter, we shall review what is known about their
underlying sources and their relationship to physiological
function (Section 2). However, we shall focus for the most part
on the relationship between the potentials and psychological

function (Sections 3, 4, and 5).

1.1 Deriving event-related potentials
The procedures used to derive ERPs begin with the same
amplifiers and filters used to obtain EEG (see Figure 1).

Electrodes are attached to the scalp at various locations and
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connected to amplifiers. The locations are usually chosen
according to the International 10-20 system (Jasper, 1958), such
that between-laboratory and between-experiment comparisons are
possible. The outputs of the amplifiers are converted to numbers
by a device for measuring electrical potentials, an analog-
digital converter. The potentials are sampled at a frequency
ranging from 100 to 10000 Hz (cycles per second) and may be
stored for subsequent analysis.

The ERP is small (a few microvolts) in comparison to the EEG
(about 50 microvolts). Thus, the analysis generally begins with
a procedure to increase the discrimination of the "signal" (the
ERP) from the "noise" (background EEG). The most common
procedure involves averaging samples of the EEG that are time-
locked to repeated occurrences of a particular event. The number
of samples used in the average will depend on the signal-to-noise
ratio. However, in all cases the samples are selected so as to
bear a constant temporal relationship to an event. Since all
those aspects of the EEG that are not time-locked to the event
are assumed to vary randomly from sample to sample, the averaging
procedure should result in a reduction of these potentials

leaving the event-related potentials visible.l The resulting

1 Note that this assumption may not always be valid, as, for
example, in the case of variability in the latency and other
characteristics of the ERP from sample to sample (see 3.2.2).
Furthermore, the ERP derived by averaging may include potentials
that do not originate in the brain but are time-locked to the
event (see 3.2.1).
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voltage x time function (see Figure 2) contains a number of
positive and negative peaks which are then subjected to a variety
of measurement operations (see 3.2). These peaks are generally
described in terms of their characteristic polarity and latency.
Thus, P300 refers to a positive peak with a modal latency of 300
ms. Other descriptors can include reference to the psychological
or experimental conditions that control the potential (e.qg.
readiness potential, mismatch negativity) and to the scalp
location at which the potential is maximal (e.g. frontal P300).
Note that each peak in the ERP waveform is usually associated
with a particular distribution across the scalp. Thus, spatial
(topographic) distribution is regarded as an important
discriminative characteristic of the ERP (Donchin, 1978; Sutton &
Ruchkin, 1984). The relationship between spatial distribution
and underlying brain activity will be discussed in Section 2,
while Section 3 provides a more thorough description of the
methods used to extract and measure ERPs. Section 4 reviews some

of the more commonly measured components.

1.2 The endogenocus versus exogenous distinction

From a psychological point of view; it is convenient to
distinguish between different types of ERPs. First we can
identify those ERPs whose characteristics are mostly controlled
by the physical properties of an external eliciting event. Such

potentials are considered to be obligatory and are referred to as
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"sensory! or "exogenous." Second, we can identify ERPs whose
characteristics are determined more by the nature of the
interaction between the subject and the event. For example, some
ERPs vary as a function of the information processing activities
required of the subject; others can be elicited in the absence of
an external eliciting event. These potentials are referred to as
"endogenous". Naturally, 1t is the endogenous potentials that
are the focus of those researchers interested in cognitive
function. (For a discussion of the distinction between exogenous
and endogenous potentials, see Donchin, Ritter, and McCallum,

1978).
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2. Physiological Basis of ERPs
In this section, we review evidence that relates the scalp-
recorded electrical activity to its underlying anatomical and
physiological basis. For a detailed review of this relationship,

see Nunez (1981), or Allison, Wood, and McCarthy (1986).

2.1 From the brain to the scalp: the generation of ERPs

It is generally assumed that ERPs are distant manifestations
of the activity of populations of neurons within the brain. This
activity can be recorded on the surface of the scalp because the
tissue that lies between the source and the scalp acts as a
volume-conductor. Since the electrical activity associated with
any particular neuron is small, it is only possible to record at
the scalp the integrated activity of a large number of neurons.
Two requirements must be met for this integration to occur: (a)
the neurons must be active synchronously, and (b) the electric
fields generated by each particular neuron must be oriented in
such a way that their effects at the scalp cumulate. As a
consequence, only a subset of the entire brain electrical
activity can be recorded from scalp electrodes.

Two considerations furthe: restrict the likely sources of
the ERP. First, since the ERP represents the synchronous
activity of a large number of neurons, it is probably not due to
the summation of pre-synaptic potentials (spikes), because these

potentials have a very high frequency and short duration. On the
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other hand, post-synaptic potentials, having a relatively slower
time course, are more likely to be synchronous, and therefore to
summate to produce scalp potentials. Thus, it is commonly
believed that most scalp ERPs are the summation of the
post~synaptic potentials of a large number of neurons that are
activated (or inhibited) synchronously (see Allison, Wood, &
McCarthy, 1986).

A second consideration concerns the orientation of neuronal
fields. Since the electric fields associated with the activity
of each individual neuron involved must be oriented in such a way
as to cumulate at the scalp, only neural structures with a
specific spatial organization may generate scalp ERPs. Lorente
de No (1947) specified the spatial organizations that are
required for the distant recording of the electrical activity of
a neural structure. He distinguished between two types, "open
fields" and "closed fields" (see Figure 3).

A structure having an open field organization is
characterized by neurons that are ordered so that their dendritic
trees are all oriented on one side of the structures, while their
axons all depart from the other side. 1In this case, the electric
fields generated by the activity of each neuron will all be
oriented in the same direction and summate. Only structures with
some degree of open field organization generate potentials that

can be recorded at the scalp. Open fields are obtained whenever




Event-Related Brain Potentials

Page 7

neurons are organized in layers, as in most of the cortex, parts
of the thalamus, the cerebellum, and other structures.

A structure with a closed field organization is
characterized by neurons that are concentrically or randomly
organized. In both cases, the electric fields generated by each
neuron will be oriented in very different, sometimes opposite,
directions, and therefore will cancel each other. Examples of
closed field organization are given by some midbrain nuclei.

From this analysis it is clear that ERPs represent just a
sample of the brain electrical activity associated with a certain
event. Thus, it is entirely possible that a sizeable portion of
the information processing transactions that occur after (or
before) the anchor event are silent as far as ERPs are concerned.
For this reason, some caution should be used in the
interpretation of ERP data. For instance, if an experimental
manipulation has no effect on the ERP, we cannot conclude that it

does not influence brain processes.

2.2 From the scalp to the brain: inferring the sources of ERPs
So far we have examined how particular properties of
neuronal phenomena may determine whether they will be recorded at
the scalp. We have approached the problem of ERP generation in a
direct fashion, from properties of the generators to predictable
scalp observations. In most cases, however, we have only limited

information about the neural structure(s) responsible for a
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specific-aspect of the ERP. Our database consists of
observations of voltage differences between scalp electrodes or
between scalp electrodes and a reference electrode. To determine
which neural structures are responsible for the scalp potential -
that is, to identify the neural generators of ERPs - we must
solve the inverse problem. We have to infer the unique
combination of neural generators whose activity results in the
potential observed at the scalp.

In solving this problem, we are confronted with an
indefinite number of unknown parameters. In fact, an indefinite
number of neural generators may be active simultaneously, and
each of them may vary in amplitude, orientation of the electric
field, and location inside the head. Since a limited number of
observations (the voltage values recorded at different scalp
electrodes) is used to estimate an indefinite number of
parameters, it is clear that the inverse problem does not have a
unique solution. A further complication is that the head is not
a homogeneous medium. Therefore the electric field generated by
the activity of particular structures is difficult to compute. A
particularly important distortion of the electric fields is
caused by the skull - a very low conductance medium that reduces
and smears electric fields. For all these reasons, we cannot
determine unequivocally which structures are responsible for the

ERP observed at any point in time, when the only information
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available is given by the potentials recorded at scalp
electrodes,

In spite of these problems, investigators have tried to
identify the neural sources of the scalp ERP using a variety of
approaches, involving both non-invasive and invasive techniques.
Non-invasive techniques are based on scalp recordings. They
involve complex mathematical procedures and depend on a number of
restrictive assumptions. Invasive techniques are based on
recordings from indwelling electrodes (in humans or in animals)
or on lesion data.

A non-invasive approach to the inverse problem is to
generate several alternative hypotheses about neural structures
that may be active at a particular point in time, and that may be
responsible for an observed scalp ERP. The distribution of
potentials across the scalp that would be generated by each of
these structures can then be computed using a direct approach.
Finally, the structure whose activity best accounts for the
observed scalp distribution can be identified. This approach
requires that specific neurophysiological knowledge exists about
candidate underlying structures. First, we must have some reason
to restrict the number of candidate neural generators to a
manageable number. Second, we must have sufficient knowledge of
the anatomy and physiology of each of these candidate neural
generators to be able to compute the distributions of the scalp

potentials associated with their activity. At present, such
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knowledge exists only in a very limited number of cases (see, for
example, Scherg & von Cramon, 1985).

A more sophisticated and promising non-invasive procedure
involves the use of magnetic field recordings. Magnetic fields
generated by brain activity are extremely small in relation to
magnetic fields generated by environmental and other bodily
sources. Therefore, their measurement is both difficult and
expensive. The advantage of measuring the magnetic field is that
it is practically insensitive to variations of the conductive
media (such as those due to the presence of the skull). It is
therefore much easier to compute the source of a particular
field. An in-depth discussion of the problems and peculiarities
of the magnetic technique is beyond the scope of this chapter and
can be found elsewhere (Beatty, Barth, Richer, & Johnson, 1986).
We will only note here that using the magnetic technique to
determine the source of neural components still requires
assumptions about the number of neural structures active at a
particular moment in time.

Invasive techniques for the identification of the sources of
ERP components are based on the implantation of electrodes within
the brain of humans or animals. Reseafch on humans has been made
possible by the need for recording EEG activity in deep regions
of the brain for diagnostic purposes (Halgren et al., 1980; Wood
et al., 1984). A problem with the human research is that the

indwelling electrodes are located according to clinical, rather
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than scientific criteria, and therefore may fail to map the
regions involved in the generation of scalp ERPs. This may be
solved by research on animals (Buchwald & Squires, 1983; Csepe,
Karmos, & Molnar, 1987:; Starr & Farley, 1983). However, animal
research is problematic because it is difficult to determine
whether the ERP observed in animals corresponds to that observed
in humans. This is because of fundamental differences in the
anatomy of animal and human brains. Finally, a general problem
with depth recording is that it is difficult to know the extent
to which the scalp recorded ERP is due to the activity of the
structures that have been identified by the indwelling
electrodes. This problem can be resolved in animal research if
lesions in the structure identified as the candidate generator
result in elimination of the scalp potential.

In summary, although several techniques have been used for
identifying the source of ERP components, none of them appears to
be likely to give definitive answers in all cases. However, the
convergence of several techniques may provide useful information

about the neural structures whose activity is manifested at the

scalp by the ERP.



Event-Related Brain Potentials
Page 12
3. The Inferential Context
In this section, we review the process through which we come
to make inferences about psychological processes and states from
the measurement of ERPs. To begin with, however, we need to
address a number of assumptions about the "meaning" of the ERP

and a variety of measurement issues.

3.1 The concept of components

As we noted above, the ERP can be described as a voltage x
time function. We assume that the various voltage fluctuations
represented by this function reflect the activities of neuronal
populations and that, in turn, these neuronal populations are
responsible for the execution of some psychological process. In
practice, the tendency in cognitive psychophysiology has been to
focus on processes identified by cognitive psychologists as
candidate psychological processes.

The total ERP is assumed to be a manifestation of the
aggregate of a number of ERP "components". The components can be
defined in three different ways (Fabiani, Gratton, Karis, &
Donchin, in press; Naatanen & Picton, 1987). First, components
can be defined in terms of the peaks and troughs (maxima and
minima) that are observed in the ERP trace. Second, components
can be defined as aspects of the ERP waveforms that are
functionally associated, that is, they covary across subjects or

conditions or location on the scalp. Third, components can be
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defined in terms of those neural structures that generate thenm.
These definitions may converge in some circumstances. However,
as Naatanen and Picton (1987) have indicated, a peak in the ERP
waveform (for example, the N1) may represent the summation of
several functionally and structurally distinct components. Thus,
the adoption of one or another of these definitions will have
important consequences for the interpretation of the component
structure of the ERP waveform. A corollary of this is that
different measurement procedures will be required depending on
the type of component definition that is adopted. These
procedures will be reviewed in subsequent sections after a brief

discussion of general measurement issues.

3.2 General measurement issues

3.2.1 Artifacts. The potential recorded at the scalp can
be influenced by sources of electrical activity that do not arise
from the brain. Examples of these sources of artifacts include
the movement of eyeballs and eyelids, tension of the muscles in
the head and neck, and the electrical activity generated by the
heart. These artifacts can be dealt with in the following ways.
First, one can set up the recording situation so that artifacts
are minimized. This can be accomplished by suitable choice of
electrode locations and of the subject’s task and environment.
Second, one can simply discard records which contain artifacts.

Unfortunately, this procedure may lead to a bias in the selection
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of the observations and/or subjects. Third, one can use filters
(see below) to attenuate artifactual activity. This procedure is
useful when the frequency of the artifactual activity is outside
the frequency range of the ERP signal of interest. For example,
the frequency of electromyographic activity is higher than that
of most endogenous ERP components. Fourth, one can attempt to
measure the extent of the artifact and then remove it from the
data. This procedure has been used most frequently in the case
of ocular artifacts (e.g. Gratton, Coles, & Donchin, 1983).

3.2.2 8ignal~-to-noise ratio. The ERP consists of a series
of fluctuations in voltage that are time-locked to an event.
These voltage changes are typically small (a few microvolts) in
relation to the background EEG (about 50 microvolts) in which
they are imbedded. Thus, a major measurement problem concerns
the extraction of the ERP signal from the background noise.

Several procedures have been advocated to increase the
signal-to-noise ratio, including filtering, averaging, and
pattern recognition (see Coles, Gratton, Kramer, & Miller, 1986,
for a more detailed discussion).

Filtering involves the attenuation of noise, whose frequency
is different from that of the signal. 'For example, most
endogenous components have frequencies of between 0.5 and 20 Hz.
Thus, at the time of recording or later at the time of analysis,
analog or digital filters can be used to attenuate activity

outside this frequency range. Great care should be taken in the
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selection of filters. The amplitude and latency of an ERP
component (as well as the general ERP waveform) will be distorted
if the bandpass of the filter excludes frequencies of interest
(see Figure 4).

Averaging involves the summation of a series of EEG epochs
(or trials), each of which is time-locked to the event of
interest. These EEG epochs are assumed to be given by two
sources: first, the ERP, and second, other voltage fluctuations
that are not time-locked to the event. Since, by definition,
these other fluctuations are random with respect to the event,
they should average to zero, leaving the time-locked ERP both
visible and measurable. If it is the case that (a) the ERP
"signals" are constant over trials, (b) the noise is random
across trials, and (c) that the ERP "signals" are independent of
the background noise, then the signal-to-noise ratio will be
increased by the square root of the number of trials included in
the average. Note that the utility of the averaging procedure
also depends on the fact there are no correlated signals (such as
the EOG - see 3.2.1) that are also time-locked to the event.

One of the problems with the averaging procedure is that the
three assumptions described in the previous paragraph may not
always be satisfied in the typical experiment. In particular, if
the latency of the ERP varies from trial to trial (latency
jitter), the average ERP waveform will not be representative of

the actual ERP of any individual trial. A related problem is
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ﬁhat the- investigator may be interested in measures of the ERP on
individual trials. Thus, a major thrust in ERP methodology has
been to derive procedures for single-trial analysis.

Pattern recognition techniques allow the investigator to
identify segments of the EEG epoch that contain specific
features, such as a particular pattern of peak and troughs
characteristic of an ERP component. The advantage of these
techniques is that they allow the investigator to identify and
measure components on individual trials. Examples of pattern
recognition techniques are cross-correlatioﬁ} Woody filter
(Woody, 1967), and step-wise discriminant analysis (Donchin &
Herning, 1975; Horst & Donchin, %980; Squires & Donchin, 1976).
In the case of cross-correlation and Woody filter, the individual
trial epoch is scanned to determine the segment that best
resembles an "ideal" template corresponding to the component of
interest. In the case of discriminant function, the procedure
begins with the selection of two sets of waveforms, that are
presumed to differ in terms of a specific component. Then,
features are identified (in the form of numerical weights) that
best discriminate between the two sets of waveforms. These
features are considered to represent the defining characteristic
of the component and individual trials can be examined to
determine the extent to which the features are present. Note
that the cross-correlation and Woody filter procedures can yield

both amplitude and latency estimates for individual trials, while
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discriminant function procedures yield only amplitude estimates.
(For a general discussion of pattern recognition techniques, see

Glaser & Ruchkin, 1976.)

3.3 Component quantification

In this section, we describe procedures that have been used
to quantify ERP components. As mentioned earlier, these
measurement operations will depend on the way in which ERP
components are defined.

3.3.1 Peak measurement. As indicated above, components can
be defined in terms of peaks or troughs having characteristic
polarities and latency ranges. Thus, the measurement operation
involves the assessment of either amplitude of the peak in
microvolts, or the assessment of its latency in msec (see Figure
5). Amplitude is usually referred either to the baseline, pre-
event, voltage level (base-to-peak amplitude) or to some other
peak in the ERP waveform (peak-to-peak amplitude). Latency is
referred to the time of occurrence of the event.

When the component under analysis does not have a definite
peak, it is customary to measure the integrated activity across a
particular latency range (area measure).

3.3.2 Covariation measures. As mentioned above, components
can also be defined in terms of segments of the ERP waveform that

exhibit covariation across subjects, conditions, or scalp
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locations. As a consequence, procedures are needed to identify
and measure these segments.

One the most commonly used procedures is Principal Component
Analysis (PCA). This procedure can be applied to describe the
structure of the variance associated with a set of ERP waveforms.
This structure is inferred from the pattern of covariance between
the voltage values for each timepoint in the waveform. The
outcome of PCA is a set of components each characterized by a
particular pattern of weights (loadings, or eigenvectors) for
each timepoint (see Figure 6). Then, the weights for each
component can be used as a linear filter to derive measures of
amplitude of each component in a particular waveform. Each point
in the waveform is multiplied by the weight for that point. The
resulting values are summed to yield factor scores (or measures
of component amplitude). A more detailed description of the
application of PCA to ERPs can be found in Donchin and Heffley
(1978).

3.3.3 8Source activity measures. A third way of defining
components is in terms of underlying sources. According to this
definition, we should quantify the activity of these sources to
provide latency and amplitude measures of the different
components. As we noted earlier (Section 2), the relationship
between scalp electrical activity and source activity is

difficult, if not impossible, to describe. Thus, for the time-
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being, this type of component measurement, although theoretically
important, is practically unfeasible.

3.3.4 Problems in component measurement. In this section
we discuss two specific problems that arise during component
measurement.

The first problem concerns the commensurability of the
measurements of different waveforms. Is a particular component,
recorded under a particular set of circumstances, the same as
that recorded in another situation? This is a particular problenm
when we define components as a peak observed at a particular
latency. For example, if the latency of the peak differs between
two experimental conditions, we would be led to conclude that
different components are present in the two sets of data. How
can we be sure that the same component varies in latency between
the two conditions, rather than that two different components are
present in the two different conditions? The problem is not
resolved by using PCA. In this case, how can we know whether two
components extracted by separate PCAs conducted on different sets
of data reflect the same activity? A solution to this problem
can only be derived from a careful examination of the pattern of
results obtained, and from a comparisvwn of these results with
what we already know about different ERP components. Of course,
this means that we are including a large number of empirical and
theoretical arguments in the definition of each ERP component,

which, of course, may differ from one component to another, and
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from time to time. Thus, the definition of a component may
include not only polarity and latency, but also distribution
across the scalp and sensitivity to experimental manipulations
(see, for example, Fabiani et al., in press). Thus, it is clear
that a correct interpretation of ERP component structure requires
some background information about the components themselves (see
section 4).

A second problem in component measurement is that of
component overlap. Usually, ERP components do not appear in
isolation, but several of them may be active at the same moment
in time. This reflects the parallel nature of brain processes.
When this occurs, it is difficult to attribute a particular
portion of scalp activity to a particular component. Peak and
area measures are particularly susceptible to this problem, but
even PCA can, in some cases, misallocate variance across
different components (see Wood & McCarthy, 1984). As a result,
we may attribute a difference obtained between two particular
experimental conditions to the wrong component.

Several procedures have been proposed to solve the problem
of component overlap, but none of them seems to have universal
validity. In some cases, it can be assumed that only one
component varies between two experimental conditions. In this
case, the variation of this component can be isolated by
subtracting two sets of waveforms. Unfortunately, very rarely

can we assume that the effect of an experimental variable is so
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selective. Furthermore, the subtraction procedure implies that
only amplitude, and not latency, varies across experimental
conditions.

A procedure that may help solve both these problems is
vector filtering (Gratton, Coles, & Donchin, submitted). This
procedure begins with the assumption that components can be
defined in terms of scalp distribution. Any component can be
represented by a specific profile of amplitude values at
different electrode locations. This profile is then used as a
"distributional filter" to determine the extent to which the
component is present in a particular epoch (see Figure 7). This
procedure can be applied to several components simultaneously,
and, thus, it is possible to separate the contribution of
several, overlapping, components to an observed waveform. Note
that, in contrast to PCA, neither the latency nor the time-course
of the component (but only the scalp distribution) need be
constant over trials. The assumption of constancy of
distribution may be more valid than assumptions of constancy of
latency and time-course.

Note that distributional filters perform the same kind of
operations in the spatial domain that frequency filters perform
in the frequency domain. While frequency filters apply different
weights to activity in different frequency bands, distributional

filters apply different weights to activity from different

spatial locations.
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3.4 Experimental Logic

In this section, we review the experimental procedures that
lead to a specification of the functional significance of the
components. Some theory about the functional significance of a
component is essential to the understanding of the changes that
this component will exhibit as a function of specific contexts.
The development of a theory about the functional significance of
a component is a complex process that involves studies of the
component’s antecedents and consequences, as well as speculations
about the psychological function it manifests.

To illustrate this process, we shall focus on the approach
adopted in our laboratory (see_Coles, Gratton, & Gehring, 1987:
Donchin, 1981; Donchin & Coles, in press; Donchin, Karis,
Bashore, Coles, & Gratton, 1986). While this approach is
oriented towards cognitive ERP research, and to the P300
component in particular, there is no reason, in principle, why it
could not be applied to other approaches to ERPs and to other
components.

3.4.1 Antecedent conditions. 1In the case of all ERP
components, the initial phase in the process begins with the
"discovery" of a component. For most endogenous ERP components,
this discovery occurred during the 1960s and 1970s; for the P300,
this occurred in 1965 (Sutton, Braren, Zubin, & John, '92€5).

After this report, there followed a period in which attempts were
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made to map out the antecedent conditions that influence the
amplitude and latency of the component.

For amplitude, a large series of studies focussed on the
"oddball" paradigm in which subjects are presented with two
stimuli, or classes of stimuli, that occur in a Bernouilli
sequence. The probability of one stimulus is generally less than
that for the other and the subject’s task is to count the rarer
of the two stimuli. The basic conclusion of these kinds of
studies is that the amplitude of the P300 is sensitive to the
probability of task relevant events (see, for example, Duncan-
Johnson & Donchin, 1977, and Figure 8:; see alsc Donchin et al.,
1986a). Further research indicated that it is subjective, rather
than objective, probability that controls the amplitude of P300
(Squires, Wickens, Squires, & Donchin, 1976). 1In addition, the
stimuli or stimulus classes can be as diverse as male versus
female names (Kutas, McCarthy, & Donchin, 1977) or pictures of
politicians versus pictures of others (Towle, Heuer, & Donchin,
1980), or even the absence of the stimulus (Sutton, Tueting,
Zubin, & John, 1967). Furthermore, the scalp distribution is
independent of the modality of the stimulus (Simson, Vaughan, &
Ritter, 1976).

A second factor controlling the amplitude of P300 is the
task-relevance of the eliciting event. Thus, P300s are only
elicited if the subject must use the stimuli to perform the

assigned task. If the events occur while the subject is
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performing another task (such as a word puzzle) then even rare
events do not elicit the P300 (see Figure 8: Duncan-Johnson &
Donchin, 1977). Furthermore, the P300 to an event is directly
related to the event’s utility in terms of the subject’s task
(Johnson & Donchin, 1978; Bosco et al., 1986).

A final series of studies (see Donchin, Kramer, & Wickens,
1986) has demonstrated that the P300 is related to the processing
resources demanded by a particular task. In a dual-task
situation, P300 amplitude to primary-task events increases with
the perceptual/cognitive resource demands, while the P300
response to the concurrent secondary-task decreases (Sirevaag,
Kramer, Coles, & Donchin, 1984).

As far as P300 latency is concerned, the research has
focussed on the identification of those processes that have
elapsed prior to the elicitation of P300. As an initial
observation, it can be noted that, if P300 amplitude is sensitive
to probability, then, at the very least, processes required to
establish the rareness of an event must occur prior to the P300
process. On the basis of this observation, Donchin (1979)
proposed that P300 latency may reflect stimulus evaluation or
categorization time. This idea was supported by the observation
that the correlation between P300 latency and reaction time is
higher when subjects are given accuracy rather than speed

instructions. Furthermore, as categorization becomes more
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difficult, so P300 latency becomes longer (see Figure 9: Kutas,
McCarthy, & Donchin, 1977).

If P300 latency reflects stimulus evaluation time, then it
should not be affected by factors that influence response-related
processes. Several studies (McCarthy & Donchin, 1981; Magliero,
Bashore, Coles, & Donchin, 1984; Ragot, 1984) demonstrate that
manipulations that should affert the duration of response-related
processes (i.e. stimulus-response compatibility) have little or
no effect on P300 latency, while manipulations of stimulus
complexity have a large effect. (Both these manipulations have a
substantial effect on reaction time.) Thus, it appears that the
P300 is more dependent on the completion of processes of stimulus
evaluation and categorization than on those related to the
current overt response.

3.4.2 Pormation of theory. Taken together, these data
suggest that the P300 is dependent on (a) the subjective
probability of task relevant effects, (b) the value or meaning of
the event in the context of the task, and (c) the psychological
resources allocated to the processing of the event. Furthermore,
the P300 is not emitted until the event has been categorized. If
responses are based on incomplete stimulus evaluation, the P300
will occur after the overt response. (See also Johnson, 1986, for
a discussion of the determinants of P300, and Donchin et al.,

1984, for a discussion of the relationship between P300 and the

orienting reflex.)
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With these observations in mind, one can proceed to
speculate about the functional significance of the P300. Thus,
Donchin (1981; Donchin & Coles, in press) argued that it is a
manifestation of a process related to the updating of models of
the environment or context in working memory. Such an updating
will depend on the processing of the current event (hence, the
P300 latency/stimulus evaluation time relationship) but will have
implications for the processing of and response to future
events.?

3.4.3 Consequences. These kinds of statements relating to
functional significance can be tested by an examination of the
predicted consequences of variation in the latency or amplitude
of the P300 for the outcome of the interaction between the
subject and the environment.

For example, as far as P300 latency is concerned, if the
P300 occurs after the stimulus has been evaluated, then the
quality of the subject’s response to that event should depend on
the timing of that response relative to the occurrence of the
P300. Thus, Coles, Gratton, Bashore, Eriksen, and Donchin (1985)

showed that, for a given response latency, response accuracy was

2 Note that other theories of P300 have been offeged by, for
example, Desmedt (1981), Rosler (1983), and Verleger (in press).
Both Desmedt and Verleger propose that the P300 is related to the
termination or "closure" of processing periods, while Rosler
proposed that P300 reflects controlled processing. As we have
arqued elsewhere (Donchin & Coles, in press), these theories do
not account for the richness of the results concerning the
consequences of the P300 that have accrued in the last decade.
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higher the shorter the P300 latency. This is illustrated in
Figure 10.

For P300 amplitude, we expect that, to the extent that the
subject’s future behavior depends on the degree to which an event
leads to a change in their model of the environment, that
behavior will be related to P300 amplitude. Thus, there have
been several studies that have demonstrated a relationship
between the memorability of an event, assessed at some future
time, and the amplitude of the P300 response to the event at the
time of initial presentation (see section 4.4.1 for a detailed
discussion).

As another example, we have demonstrated that the subject’s
future strategy as revealed in overt behavior can be predicted
from the P300 response to current events (Donchin, Gratton,
Dupree, & Coles, in press). 1In particular, in a speeded choice
reaction time task, the amplitude of the P300 following an error
was related to the latency and accuracy of overt responses on
subsequent trials.

These kinds of experiments that investigate the predicted
consequences of variation in the P300 response for overt behavior
provide tests of the theories of the fuhctional significance of
the P300. As a result, the theories are refined or revised,
until, eventually, we are confident enough to proceed to use the

ERP measure to monitor information processing activities (ses,
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for example, Coles et al., 1985; Kramer, Sirevaag, & Braune,

1987).

3.5 The role of neurophysiology

As we noted earlier, there are serious problems in trying to
infer the source of a given ERP component from its distribution
on the scalp. Thus, the identification of a particular ERP
component with a particular intra-cranial source must depend on a
variety of converging methodologies including magnetic and intra-
cranial recordings in humans and animals, neuropsychological
research and lesion studies in animals.

What are the consequences of knowing the intra-cranial
source for theorizing about the functional significance of an ERP
component? We should emphasize that by "functional significance”
we mean a specification of the information processing
transactions that are manifested by the component, not its
neurophysiological significance.

In the case of the P300, there has been considerable
speculation that at least one source lies in the hippocampus
(Okada, Kaufman, & Williamson, 1983; Halgren et al., 1980). 1If,
in fact, this speculation is supported dy future research, we
could incorporate what is known about the psychologically
relevant functions of the hippocampus into our theory of the P300
(and vice versa). In this regard, it is interesting to note the

similarity between theories of hippocampal function that
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emphasize its role in memory (O’Keefe & Nadel, 1978) and the
theory of P300 outlined in the previous sections that emphasizes
its relationship to "context updating."

Note that we can articulate a theory of the functional
significance of P300 without any knowledge of its neural origin.
However, when its neural origin is known, then the theory can be
refined and developed on the basis of what is known about the
underlying neural structures. In this sense, then,
neurophysiological knowledge may be useful, but not necessarily
critical, to the psychophysiological enterprise. Of course,
such knowledge is critical for those who wish to use ERPs as a

sign of neurophysiological function.

3.6 Using the measure: Psychophysioclogical inference

In the preceding sections, we have considered the ways in
which ERP researchers establish the functional significance of
the ERP components. 1In a sense, this research can be considered
as establishing the validity of ERP components as measures of
particular psychological activities. 1In this section, we
consider the ways in which the measures are used to make
inferences about psychological processes. We shall review a
series of inferential steps, from the crudest to the most
sophisticated, that depend to a greater and greater extent on
assumptions about the functional significance of the ERP. For

the purposes of elucidating the inferential process, we shall
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consider- an experiment in which subjects are run in two different
conditions.

3.6.1 Inference 1: Conditions are different. At the most 3
fundamental level, we can ask whether or not the two conditions
are associated with different responses. The analytic procedure
necessary to answer this question would involve a univariate or
multivariate analysis of variance (with condition and timepoint
as factors). Given that such an analysis yields a significant
condition by timepoint interaction, we can infer that the
conditions are different. If we assume that the ERP is a sign of
brain activity and/or that it reflects some psychological
process, then we can infer that the brain activity, and
associated psychological processing, are different in the two
conditions. l

3.6.2 Inference 2: Conditions differ at a particular time.
The second level of inference concerns the time at which the two
conditions differ. This inference could be made on the basis of
post-hoc tests of the significant condition by time interaction.
It would take the form of "by at least ms X, processing of
stimuli in condition A is different than processing of stimulus
in condition B". This kind of inference is frequently made in
studies of selective attention where an important theoretical
issue concerns the relative time at which an attended event

receives preferential processing. As with the most primitive
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form of inference, we need only assume that the ERP is a
reflection of some aspect of psychological processing.

3.6.3 Inference 3: Conditions differ with respect to the
latency of some process. For this level of inference, additional
assumptions and measurement operations must be made. First, we
must assume that the latency of a particular ERP component is
related to the latency of a particular psychological process.

For example, we argued previously that P300 does not occur until
the evaluation process is complete. Second, we must adopt a
procedure to identify the component in question and to measure
its latency (see section 3). Then, we use an analytic procedure
(analysis of variance, t-test, etc.) to evaluate the difference
between the conditions with respect to the component latency. As
a result of this procedure, we make the inference that the
conditions differ with respect to the timing of process X.

3.6.4 Inference 4: Conditions differ with respect to the
degree to which some process occurs. At the most complex level,
we can use ERPs to infer that a particular process occurs to a
greater degree under one condition than under another. 1In this
case, we must assume that a particular ERP component is a
manifestation of process X. Wa must further assume that changes
in the magnitude of the component correspond directly to changes
in the degree to which the process is invoked. Then, we must
devise a suitable measurement procedure to identify and assess

the magnitude of the component. Finally, we can proceed with the
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usual inferential test and determine whether or not the

conditions differ with respect to the degree of process X. *
h
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4. A Selective Review of ERPs
In this section, we consider some of the research on the
functional significance of a variety of different ERP components.
We begin with a discussion of ERPs that occur prior to a marker
event. This is followed by a brief overview of sensory and

cognitive ERP components that occur after the marker event.

4.1 Event-preceding potentials

4.1.1 Movement-related potentials. One class of event-
preceding potentials includes those that are apparently related
to the preparation for movement. These potentials were first
described by Kornhuber and Deecke (1965) who found that, prior to
voluntary movements, a negative potential develops slowly,
beginning some 800 ms before the initiation of the movement (see
Figure 11). These "Readiness Potentials" (or
"Bereitschaftspotentials") were distinguished from those that
followed the movement, the "Reafferent Potentials." 1In a
condition in which a similar, but passive movement was involved,
only post-movement potentials were observed. Both readiness and
reafferent potentials tend to be maximal at electrodes located
over motor areas of the cortex. Furthermore, some components of
the potentials are larger at electrode locations contralateral to
the responding limb (at least for hand and finger movements) .
Indeed, this kind of lateralization has become an important

criterion for movement-related potentials.
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The‘ihvestigation of movement-related potentials has
developed along several different paths, including (a) the
discovery and classification of different components of the
movement-related potential (for reviews, see Brunia, Haagh, &
Scheirs, 1985, and Deecke et al., 1984), (b) analysis of the
neural origin using the scalp topography of ERPs (e.g., Vaughan,
Costa, & Ritter, 1972) or magnetic field recordings (e.g., Okada,
Williamson, & Kaufman, 1982; Deecke, Weinberg & Brickett, 1982),
(C) analysis of the functional significance of different
components (see Brunia et al., 1985, and Deecke et al., 1984, for
reviews), and (d) recording of movement-related potentials in
special populations (e.g., in mentally retarded children, Karrer
& Ivins, 1976, and in Parkinson’s patients, Deecke, Englitz,
Kornhuber, & Schmidt, 1977). 1In general, these studies confirm
that the potential described by Kornhuber and Deecke is
generated, at least in part, by neuronal activity in motor areas
of the cortex and is a reflection of processes related to the
preparation and execution of movements.

Recently, movement-related potentials have been applied to
the investigation of human information processing. In
particular, we have used the measure to index the commitment to a
specific motor response in choice reaction-time paradigms (see
Bosco et al., 1986; De Jong, Wierda. Mulder, & Mulder, in press;
Gehring, Gratton, Coles, & Donchin, 1986: Gratton, Coles,

Sirevaag, Eriksen, & Donchin, i1n press: Kutas & Donchin, 1987
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We have demonstrated that the speed and accuracy of a subject’s
reaction time response is, in part, related to the degree of

prior preparation manifested by the movement-related potential.

4.1.2 The contingent-negative variation (CNV). The CNV was
first described by Walter, Cooper, Aldridge, McCallum, & Winter
(1964) as a slow negative wave that occurs during the foreperiod
of a reaction time task (see Figure 12). The wave tends to be
largest over centr:¢l (vertex) and frontal areas. Researchers
investigating the functional significance of CNV have manipulated
several aspects of the S1-S2 paradigm, including the subject’s
task, the discriminability of the imperative stimulus, foreperiod
duration, stimulus probability, presence of distractors, etc.

The component has been variously described as related to
expectancy, mental priming, association, and attention (for a
review, see Donchin, Ritter, & McCallum, 1978; Rohrbaugh &
Gaillard, 1983).

A central controversy in research in this area over the past
decade concerns whether the CNV consists of one, or several,
functionally distir.ct, components. A further, but related,
question is whether the late portion of the CNV (just prior to
the 1mperative stimulus) reflects more than the process of motor
preparation as the subject anticipates making a response to the
.mperative stimulus. This controversy was raised by Loveless and

~.8 Jo-wCrxkers e.J., _oveless & Sanford, 1974: see also, Connor
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& Lang, -1969) who argued that the CNV consists of two components,
an early orienting wave (the O-wave) and a later expectancy wave
(the E-wave). Subsequent research by these investigators led
them to argue that the E-wave is a readiness potential and
reflects nothing more than motor preparation. Research by
Rohrbaugh et al. (1976) and by Gaillard (1978; see also Rohrbaugh
& Gaillard, 1983) also supports this interpretation. However,
the gquestion of the functional significance c¢f the latter
component (the E-wave) remains controversial. Some investigators
have claimed that, because a late E-wave is evident even in
situations in which no overt motor response is required, the E-
wave has a significance over and above that of motor preparation.
However, it is clear that even though the overt motor response
requirement may be removed from these situations, attention to a
stimulus necessarily involves some motor activity associated with
adjustment of the sensory apparatus. Perhaps the most persuasive
arguments for a non-motor role for the late CNV comes from a
recent study of Damen and Brunia (1987). These authors found
evidence for a motor-independent wave that precedes the delivery

of feedback information in a time-estimation task.

4.2 Sensory components
The presentation of stimuli in the visual, auditory, or
somatosensory modality elicits a series of voltage oscillations

that can be recorded from scalp electrodes. In practice, sensory
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potentials can be elicited either by a train of relatively high
frequency stimuli or by transient stimuli. 1In the former case,
the ERP responses to different stimuli overlap in time. The
waveforms have quite fixed periodic characteristics that are
driven by the periodic stimulation, and are therefore referred to
as "steady-state" (see Regan, 1972). In the case of transient
stimuli, the responses from different stimuli are separated in
time.

For both steady-state and transient potentials the
potentials appear to be obligatory responses of the nervous
system to external stimulation. 1In fact, the earlier components
of all sensory potentials (within, say, 100 ms) are invariably
elicited whenever the sensory system of interest is intact. 1In
this sense, they are described as "exogenous" potentials. They
are thought to represent the activity of the sensory pathways
that transmit the signal generated at peripheral receptors to
central processing systems. Therefore, these components are
"modality specific," that is, they differ both in waveshape and
scalp distribution as a function of the sensory modality in which
the eliciting stimulus is presented. As would be expected of
manifestations of primitive sensory processes, the sensory
components are influenced primarily by stimulus parameters such
as intensity, frequency, etc. For a review of these components,

see Hillyard, Picton, and Regan (1978).
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For clinical purposes, sensory evoked potentials are used in
the diaéﬁﬁsis of neurclogical diseases (i.e., demyelinating
diseases, cerebral tumors and infarctions, etc.). Of particular
diagnostic importance are the auditory potentials (diseases
involving the posterior fossa), and the steady-state visual
potential (multiple sclerosis). Auditory potentials can also be
used to diagnose hearing defects in uncooperative subjects.

Since most sensory potentials appears to be insensitive to
psychological factors, they have not been used extensively in the
study of psychological processes. We should note, however, that
there have been reports that some of the middle-latency
components (between 10 and 100 ms after stimulus) may reflect
selective attention (McCallum, Curry, Cooper, Pocock, &
Papakostopoulos, 1983; Michie, Bearpark, Crawford, & Glue, 1987).
The relationship between the N100 component (in the visual,
auditory, and somatosensory modality) and attention will be

reviewed later in this section.

4.3 The early negativities

Several negative components have been described in the
period between 100 and 300 ms after the presentation of an
external stimulus. In this section, we will examine two families
of negative components that have been associated with selective
attention and elementary feature analysis. Although these

components have been grouped because of functional similarities
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and latency intc a few large sub-groups (N100s, N200s, etc.),
their scalp distribution and morphology vary as a function of the
modality of the eliciting stimulus. Therefore, these potentials
may be considered to lie at the interface between "purely"
exogenous (described in section 4.2) and "purely" endogenous
components (described later in this section).

4.3.1 The N100s. First indications that ERPs could be used
to investigate attentional processes came from studies in which
the ERP response to attended stimuli was compared to that to
unattended stimuli (e.g., Eason et al, 1964; Hillyard, Hink,
Schwent, & Picton, 1973). These kinds of studies suggested that
attended stimuli are associated with a more negative ERP between
100 and 200 ms. Subsequent research has been concerned with two
issues: (a) the use of ERPs to test theories of selective
attention, and (b) the nature of the attentional effect on ERPs.

"Selective attention" refers to the ability of the human
information processing system to selectively analyze some stimuli
and ignore others. Two metaphors have been associated with
selective attention, that of filtering (see Broadbent, 1957) and
that of resources (see Kahnemann, 1973, Norman & Bobrow, 1975).
Filtering theories have focussed on the debate about the locus of
the filter: does filtering occur at an early, perceptual level
(early selection theories, Broadbent, 1957) or at later stages of
processing (late selection theories, Deutsch & Deutsch, 1963)?

According to the resource metaphor, selective attention is a
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mechanism by which the system allocates more resources to process
information coming through a particular attended channel than
through other unattended channels.

In a typical paradigm (Hillyard, Hink, Schwent, & Picton,
1973), four types of stimuli are presented. The stimuli (tones)
differ along two dimensions (location and pitch), each having two
levels (left vs. right ear and standard vs. deviant pitch). The
subject is instructed to attend to stimuli at a particular
location and to detect target tones of a deviant pitch (e.gq.,
left ear tones of high pitch). To investigate attention effects,
ERPs to standard tones occurring in the attended location
(channel) are compared to those to standard tones in the
unattended channel.

Using this paradigm, Hillyard and his colleagues have
observed a larger negativity with a peak latency of about 100-150
ms for stimuli presented in the attended channel (see Figure 13
which shows data from a similar experiment by Knight, Hillyard,
Woods, & Neville, 1981). The moment in time at which the
waveforms for attended and unattended stimuli diverge is
considered as the time at which filtering starts playing a role.
Hillyard and his colleagues originallg interpreted their data in
terms of a modulation of the sensory N100 response (Hillyard et

al., 1973). Thus, they considered these data as evidence for

early selection.
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Later research has shown that the difference between the ERP
waveforms for the attended and unattended channels cannot be
considered only in terms of the amplitude variation of a peak
with a latency between 100 and 150 ms (N100). Rather, it can be
characterized by the superimposition of a negative component
lasting several hundred milliseconds (Naatanen, 1982). This
component has been labelled "Processing Negativity". The onset
latency of the Processing Negativity is related to the difficulty
of the discrimination between the attended and the unattended
channel (Hansen & Hillyard, 1983). The Processing Negativity
interpretation of the selective attention effect is consistent
with the resource metaphor. Rather than indicating a filtering
process in the information processing flow, the Processing
Negativity might reflect a selective allocation of processing
resources to the attended channel.

Similar variations in the amplitude of ERP components with a
latency of 100 to 200 ms have been observed for visual (Harter &
Aine, 1984) and somatosensory (Desmedt & Robertson, 1977)
stimuli. In these modalities, however, the difference between
the attended and unattended channels is characterized more by an
amplification of the ERP peaks than by the superimposition of a
sustained negativity (Harter & Aine, 1984; Michie, Bearpark,
Crawford, & Glue, 1987). Again, this may be viewed either in

terms of early filtering that reduces the processing of
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irrelevant information, or in terms of extra resources devoted to
process the critical information.

This review is necessarily an oversimplification of the
complexity of ERP we have loosely referred to as "N100". For
example, in a recent review Naatanen and Picton (1987) identified
no less than six different components that are active around the
time of N100!

4.3.2 The N200s. While the amplitude of the N100 (or of
the Processing Negativity) appears to reflect the selection of
information from a particular perceptual channel, the amplitude
of the N200 component reflects the detection of deviant features.
As with "N100," "N200" is used to refer to a family of
components, one for each modality, that are similar in function
and latency. Thus, different N200s can be observed for the
visual modality (with maximum at the occipital electrode) and for
the auditory modality (with maximum at the central or at the
frontal electrode).

Squires, Squires, and Hillyard (1975) manipulated stimulus
frequency and task relevance independently and found that the
N200 was larger for rare stimuli, regardless of their task
relevance. A similar observation has been made by Naatanen
(1982) in the kind of paradigm used by Hillyard and his
colleagues that we described in the previous section. Note that,
to isolate N200 effects, the comparison of interest is between

the rare targets and the frequent non-targets, rather than
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between the attended and the unattended channels (as is the case
with N100 effects). N200s will be observed to rare stimuli
presented on either channel: therefore the N200 does not require
selective attention for its appearance (Squires, Squires &
Hillyard, 1975)3. Not only does the amplitude of the N200 depend
on stimulus probability, the latency of the N200 component is
dependent on the difficulty of the discrimination between target
and non-target stimuli (Naatanen, 1982). Furthermore, the
amplitude of the N200 is also proportional to the difference
between frequent and rare stimuli (see Figure 14). Therefore,
Naatanen proposed that the N200 reflects the operation of an
automatic "mismatch detector," and he labelled this component
"mismatch negativity." Since the N200 appears to be related to
the automatic detection of surprising (rare) events, this
component has been related to the "orienting reflex" (see
Naatanen & Gaillard, 1983). Furthermore, since the N200 is
related to the automatic processing of rare features, it may be a
reflection of the automatic stage of feature analysis proposed by
some recent theories of perception (see Treisman & Gelade, 1980).
The N200 has been used in the investigation of mental
chronometry. In particular, Ritter, Simson, Vaughan, and Macht

(1982) and Renault (1983) have observed that the latency of this

3 Note that, in this paradigm, the P300 is only elicited by
rare targets presented on the attended channel. Thus, the P300
is only elicited by task-relevant stimuli, while the N200 appears
to be "automatically" elicited by rare stimuli regardless of
their task-relevance.
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component covaries with reaction time. The high correlation
between-Nzoo latency and reaction time may reflect the importance
of automatic feature discrimination processes (signalled by the
N200) in determining the latency of the overt response. However,
the subtraction technique used by Ritter et al. (1982) to derive
their measures of N200 must be interpreted with caution, since
the latencies of the components in the original waveforms differ.
Furthermore, motor potentials, which are characterized by a large
negativity, will also covary quite strictly with reaction times.
Thus, it is important to disambiguate the N200 component from
motor potentials when the former component is used in the study

of mental chronometry.

4.4 The late cognitive components

In this section, we review a sample of the research dealing
with two major endogenous components, the P300 and the N400. For
reasons of space we do not discuss in detail other late
components, particularly a group of "Slow Waves." At the present
time, the functional significance of the slow waves is largely
unknown. However, see Sutton and Ruchkin (1984) and the research
on the O-wave (Section 4.2.2) for further information.

4.4.1 The P300. In Section 3.4, we reviewed research on
the antecedents of P300, and we briefly alluded to attempts to
evaluate a theory of P300 by studying its consequences. In this

section, we focus on a series of studies that have sought to
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investigate the relationship between P300 and the memorability of
events that elicit it.

As we noted earlier (Section 3.4), unexpected events that
are relevant to the subject’s task elicit large P300s. This led
Donchin (1981; Donchin & Coles, in press) to formulate the
"context updating" hypothesis of the functional significance of
P300. This hypothesis allows one to generate predictions about
the consequences of the elicitation of a large P300 component.
The context updating hypothesis assumes that the elicitation of a
P300 reflects a process involved in the updating of
representations in working memory. Rare or unexpected events
should lead to an updating of the current memory schemas, because
only by so doing can an accurate representation of the
environment be maintained. The updating process may involve the
"marking" of some attribute of the event that made it
"distinctive" with respect to other events. This updating of the
memory representation of an event is assumed to facilitate the
subsequent recall of the event, by providing valuable retrieval
cues, SO that the greater the updating that follows an individual
event, the higher the probability of later recalling that event.
P300 amplitude is assumed to be proportional to the degree of
updating of the memory representation of the event. Therefore,
as the updating process is supposed to be beneficial to recall,
P300 amplitude should also predict the subsequent recall of the

eliciting event.
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The relatjonship between P300 and memory has been tested in
various paradigms. For example, Karis, Fabiani, and Donchin
(1984) recorded ERPs to words presented in series that contained
a distinctive word (an "isolate") (cf. von Restorff, 1933). The
isolation was achieved by changing the size of the characters in
which the word was displayed. As is well documented (Cimbalo,
1978; von Restorff, 1933; Wallace, 1965), isolated items are
better recalled than are comparable non-deviant items (the von
Restorff effect). The isolated items, being rare and task-
relevant, can be expected to produce large P300s. Thus, we could
predict that the recall variance would be related to the very
factors that are known to elicit and control P300 amplitude.
Karis et al. (1984) found that the magnitude of the von Restorff
effect depends on the mnemonic strategy employed by the subjects.
Rote memorizers (i.e., subjects who rehearse the words by
repeating them over and over) showed a large von Restorff effect,
and poor recall performance, relative to elaborators (i.e.,
subjects who combine words into complex stories or images in
order to improve their recall). For all subjects, isolates
elicited larger P300s than non-isolates. For rote memorizers,
isolates subsequently recalled elicited larger P300s on their
initial presentation, than did isolates that were not recalled.
This relationship between recall and P300 amplitude was not
observed in elaborators (see Figure 15). It is noteworthy that

the amplitude of a frontal-positive slow wave was correlated with
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subsequent recall in the elaborators, suggesting that this
component may be related to the degree of elaborative processing.

Karis et al. (1984) interpreted these data as evidence that
all subjects "noticed" the isolated words and reacted by updating
their memory representations and producing large P300s. The
differences among the subjects emerged when subjects tried to
memorize the stimuli by using different types of rehearsal
strategies. These strategies interacted with the retrieval
processes: when subjects used rote strategies, changes in the
stimulus representation, induced by the isolation and manifested
by P300, made it easier to recall the word. For the elaborators,
whose recall depended on the networks of associations formed as
the series were presented, the effects of the initial memory
activation and updating manifested by P300 were not noticeable,
because they were overshadowed by the more powerful elaborative
processing that occurred after the time frame of P300.

The interpretation of the data of the Karis et al. (1984)
study capitalized on different strategies used by different
subjects. The hypothesis that the relationship between P300
amplitude and subsequent recall indeed depends on the mnemonic
strategy used by the subject was tested in a subsequent study in
which strategy was manipulated by instruction on a within-subject
basis (Fabiani, Karis, & Donchin, 1985; see also Fox & Michie,
1987). Strategy instructions were effective in manipulating the

performance of the subjects. When instructed to use rote
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strategies, subjects recalled fewer words, and displayed a larger
von Restorff effect, than when they used elaborative strategies.
Analyses of the ERPs also supported our predictions. When
subjects were instructed to use rote strategies, the P300s
elicited by words subsequently recalled were significantly larger
than those elicited by words subsequently not recalled. Such a
relationship was not observed when subjects used elaborative
strategies. In addition, when rote strategies were used,
subjects recalled the size of the words better than in the
elaborative condition. This suggests that gjze is a "distinctive"
attribute of the memory representation of the word, such as to
help recall in the case of rote instructions.

In another experiment, Fabiani, Karis, and Donchin (1986a)
employed an incidental memory paradigm (an "oddball" task) to
reduce the use of elaborative strategies. The results confirmed
the prediction that stimuli that were subsequently recalled had
larger P300s at the time of initial presentation than those for
stimuli that were not recalled.

All the studies described above use either the von Restorff
paradigm or the oddball paradigm. However, the memory effect is
not limited to isolated or rare items. 'It is also present for
the non-isolates and for the frequent items in the oddball
experiment.

In several recent studies, memory paradigms have been used

that do not capitalize on stimuli for which the P300 is expected
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to be enhanced, that is, paradigms in which neither the
distinctiveness nor the probability of occurrence of the stimuli
to be memorized are manipulated. A seminal study in this
respect is that by Sanquist, Rohrbaugh, Syndulko and Lindsley
(1980) which found that larger amplitude P300S (or late positive
components) were elicited, in a same-different judgment task, by
stimuli that were correctly recognized in a subsequent
recognition test. Johnson, Pfefferbaum, and Kopell (1985)
recorded ERPs in a study-test memory paradigm. They reported
that the P300 associated with subsequently recognized words was
slightly, but not significantly, larger than that elicited by
non-recognized words. Paller, Kutas, and Mayes (1985) recorded
ERPs in an incidental memory paradigm in which the subjects were
asked to make either a semantic or a nonsemantic decision, and
were subsequently, and unexpectedly, tested for their recognition
or recall of the stimuli. They found that ERPs elicited during
the decision task were predictive of subsequent memory
performance, in that the P300 (late positive complex) was larger
for words subsequently recalled or recognized than to words not
recalled or recognized. Similarly, Paller, McCarthy, and Wood
(1987) recorded ERPs in two semantic ﬁudqment tasks, which were
followed by a free recall and by a recognition test. ERPs to
words later remembered were more positive than those to words
later not remembered, even though the memory effect was smaller

for recognition than for recall. Neville, Kutas, Chesney, and
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Schmidt -(1986) recorded ERPs to words that were either congruous
or incongruous with a preceding sentence in a task in which
subjects were asked to judge whether or not the word was
congruent with the sentence. They found that the amplitude of a
late positive component (P650) predicted subsequent recognition.

Taken together, the experiments described in this section
suggest that the P300, as well as other late components of the
ERP, can have an important role in illuminating some of the
cognitive processes that accompany stimulus encoding, and that
are usually opaque to traditional techniques. While the first
group of studies conducted in our laboratory has focussed on the
interaction between distinctiveness and rehearsal strategies in
determining the ERP/memory relationship, the other studies have
shown that such a relationship is widespread over a variety of
different memory paradigms. It is important to emphasize that
memory is a complex phenomenon that can be influenced by a
multitude of variables and that can be probed with a number of
different tests. Thus, it is unlikely that a single component of
the ERP can be identified as the "memory component." It is much
more likely, and indeed more interesting, that a series of ERP
components will prove to be significant in different memory
tasks.

4.4.2 The M400. The N40O component of the ERP was first
described by Kutas and Hillyard (1980a), who recorded ERPs in a

sentence reading task. 1In this paradigm, words are presented
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serially and the subject is asked to read them silently in order
to answer questions about the content of the sentence at the end
of the experiment. 1In two studies reported by Kutas and Hillyard
(1980a), 25% of the sentences ended with a semantically
incongruous (but syntactically correct) word. These incongruous
words elicited an N400 component that was larger than that
elicited by words that were congruous with respect to the meaning
of the sentence. Furthermore, the amplitude of the N400 appeared
to be proportional to the degree of incongruity: moderately
incongruous words ("he took a sip from the waterfall") had a
smaller N400 than strongly incongruous words ("he took a sip from
the transmitter"). Kutas and Hillyard (1982) reported that the
N400 to incongruous endings was slightly larger and more
prolonged over the right than the left hemisphere.

These results have been replicated and extended repeatedly,
using variations of the sentence reading paradigm described
above. The aim of these studies has been to determine whether
the N400 is a manifestation of a distinctively semantic process,
or whether it is elicited by other kinds of deviance. Kutas and
Hillyard (1984) found that the amplitude of the N400 was
inversely related to the subject’s expectancy of the terminal
word (cloze probability), while it was insensitive to sentence
constraints (i.e., to the number of possible alternative
endings). Kutas and Hillyard (1980b) recorded ERPs to the

terminal word in a sentence. This word could be semantically or
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physically deviant, or not deviant. They interpreted their data
as indicating that an N400 followed semantic deviation, while a
late positive complex (P300) followed physical deviation4. 1In
addition, Kutas and Hillyard (1983} inserted a number of semantic
and grammatical anomalies in prose passages. They found that
large N400s were associated with the semantic anomalies embedded
in the text, while the negativities recorded to grammatical
errors were inconsistent and had a scalp distribution different
from that of the N400. Kutas, Lindamood, & Hillyard (1984) found
that anomalous words that were semantically related to the
sentence’s "best completion" ("the pizza was too hot to drink")
elicited smaller N400s than anomalous words unrelated to the best
completion ("the pizza was too hot to cry"). This suggests that
the degree of semantic relatedness is an important determinant of
the N40O (see Figure 16).

A large N400 component is also evoked by semantic anomalies
presented in the auditory modality (McCallum, Farmer, & Pocock,
1985), or in anomalies embedded in American Sign Language (ASL)
gestures (Neville, 1985). However, Macar and Besson (1987) did
not find N400 responses to anomalous endings of musical tunes.

N400-like components have also teen recorded in paradigms

other than sentence reading. For example, Fischler, Bloom,

4 we should note that there is some controversy congerning
whether or not a P300 follows the occurrence of an N40O in the
case of semantic deviation. For present purposes, it is
sufficient to note that the physical deviation was pot followed
by an N400.
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Childers,- Roucos, and Perry (1983) recorded ERPs in a sentence
verification paradigm. 1In this paradigm, sentences are presented
in segments ("a robin / is / a bird"), and two dimensions are
orthogonally manipulated: whether the sentences are positive or
negative ("is," "is not"), and whether they are true or false.
The subject is required to indicate whether the sentence is true
or false. A large negativity was elicited by false affirmative
("a robin / is / a tree") and true negative ("a robin / is not /
a tree") sentences, that is by sentences in which the first and
last element were semantically unrelated. In a similar study
(Fischler, Childers, Achariyapaopan, & Perry, 1985) subjects were
required to learn the occupations of fictitious people. They
were then asked to indicate whether sentences of the type "John /
is / a dentist" were true or false. They found that false
statements were associated with larger negativities than true
statements.

Rugg recorded N400O-like components in a semantic priming
paradigm (Rugg, 1985) and in a rhyme judgment task (Rugg &
Barrett, submitted), although there are some differences between
the scalp distribution of the negativity recorded in these
paradigms and that recorded in the sonfonco reading task.

In general, research reviewed in this section suggests that
there is a brain response (the N400) that is specifically
sensitive to the violation of semantic expectancies. Measures of

this component, then, should prove useful in testing theories and
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models relating to semantic priming (e.g. Van Petten & Kutas,
L]

1987).
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S. Potential Applications of ERP Research

In this section we consider the possible contribution of ERP
research to problems that arise in various branches of
psychology, with a particular emphasis on social psychology.
Before we review some specific research examples, we need to
consider two general issues related to the application of ERP
research.

First, as we noted earlier, for some ERP components there is
sufficient knowledge about their physiological significance for
them to be used as markers of physiological functioning. This
knowledge has led to the use of ERPs in neurological diagnosis
(see, for example, Halliday, 1987 for a review). Second, we
have devoted much of this chapter to a discussion of the
psychological significance of ERP components - that is, we have
attempted to show that the components are manifestations of
particular cognitive activities. One implication of this is
that, to the extent that questions that arise in any branch of
psychology can be recast in terms of questions about cognitive
activities, there is at least the possibility that the
measurement of ERPs will be useful.

In the following sections, we review several examples of how
such research has proceeded or might proceed. For reviews of
other applications of ERP research to cognitive and engineering
psychology, see Donchin, Karis, Bashore, Coles, and Gratton

(1986) and Donchin, Kramer, and Wickens (1986).
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5.1 ERPs and emotion

5.1.1 Emotion and cognition. In previous sections of this
chapter, we have emphasized the view that ERPs can be regarded as
manifestations of cognitive processes. For the most part, the
ERP literature contains few studies of ERP-emotion relationships.
This tendency to emphasize the cognitive rather than the
emotional is probably due to the belief that the
psychophysiological analysis of emotions is more the province of
students of the autonomic nervous system. However, recent
attempts to re-evaluate the distinction between cognition and
emotion call into question the justification for their
psychophysiological separation. For example, if the experience
of emotion is attributed, at least in part, to the process of
cognitive appraisal (e.g. Arnold, 1960), then the so-called
"cognitive" ERPs have the potential to be useful in the analysis
of appraisal processes. Similarly, if emotions are believed to
influence cognitive processes (e.g., Bower, 1981), it may be that
ERPs will be useful in describing such an influence.

These kinds of ideas are behind the recent analysis of ERPs
in situations in which subjects anticipate and receive emotional
stimuli (Johnston, Miller, & Burleson, '1986; Klorman & Ryan,
1980; Simons, MacMillan, & Ireland, 1982) and in studies of
subjects suffering from emotional dysfunction (Miller, 1986; Yee

& Miller, in press). 1In the following sections, we review two
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other kinds of studies in which there is evidence of concern with
cognitive~emotion issues.

5.1.2 Lie detection. 1In preceding sections, we have
emphasized that ERPs can be used to explore situations involving
emotion, if these situations can be viewed in terms of the
information processing activities. 1In the case of lie detection,
studies using autonomic measures have similarly emphasized the
importance of cognitive factors. Thus, rather than propose a
specific emotional "lie-response", these studies have sought to
use the measures to determine whether an individual has specific
knowledge (cf. the guilty-knowledge test, Lykken, 1974; Podlesny
& Raskin, 1977).

In the case of studies of Lie Detection using ERPs,
researchers have used a paradigm in which stimulus words or
phrases relating to a crime would be categorized in one way if
the information they represented was unknown to the individual -
but in another way, if the information was known (see Farwell &
Donchin, 1986). The role of the ERPs, then, is to identify the
categorization rule being used by the subject. This is
accomplished by using a variant of the "oddball" task. Three
classes of stimuli are presented: (a) words or phrases related to
the crime (the probe stimuli); (b) words of phrases unrelated to
the crime and unknown to the subject (irrelevant stimuli): and

(c) words or phrases unrelated to the crime, but which are known
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to the subject (target stimuli). The subject is instructed to
count the target stimuli,

Thus, the critical question is whether the subject will
categorize the probe stimuli as irrelevant (indicating no
knowledge) or as target stimuli (indicating knowledge). This
question is answered by setting up the probabilities of the
different stimuli such that the probe stimuli would elicit a
large response (P300) if they are categorized as targets.
Farwell and Donchin (1986) have shown that, if the probabilities
of irrelevant, probe and target stimuli are .67, .17, and .16
respectively, the procedure is effective in determining the
categorization rule used by the individual. 1In this way, the
presence of guilty knowledge can be determined.

In this example, the role of the ERP is to determine whether
a particular set of stimuli is classified by the subject as
belonging to one of two other categories. In principle, then, it
could be used in any situation in which the experimenter is
interested in identifying classification rules.

$.1.3 Bargaining. Bargaining, like most forms of social
interaction, involves both cognitive and emotional processes.
Thus, bargaining presents an interesting topic of study for the
analysis of cognitive-emotional relationships.

In the study to be described in this section (Karis,
Druckman, Lissak, & Donchin, 1984), the focus was on the

cognitive ERP responses to events believed to have emotional

PR
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consequences. The subject was engaged in a "bargaining" session

with the computer. The object of bargaining was the purchase of
a used car. The subject and the computer alternated in making
their concessions, until they agreed on a price. The subject’s

objective was to buy the car at the lowest possible price. ERPs

were recorded while the subject viewed the computer’s concession.

An interesting aspect of this study was that the computer
adopted either one of two strategies in making its concessions:
it could be either "generous" or "stingy." When the computer was
in the generous mode it would concede 80% of the subject
concession, while when it was in the stingy mode it would concede
only 20% of the subject concession. Thus, it was important to
the subject to guess the computer’s strategy, in order to take
advantage of it.

Switches in the computer’s strategy (which occurred
randomly) reliably elicited P300s that were larger than those
recorded to trials in which the strategy remained the same. This
can be viewed in terms of cognitive processes: To the extent that
P300 represents a process of context updating, it seems
reasonable that the subject would need to update his/her mental
schema at the moment in which a task relevant event changes.
Another interesting aspect of this study is that a photograph of
the subject’s face was taken every time the subject saw the
computer’s concession. The facial expression of the subject was

then analyzed in terms of the emotions displayed. It is
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interesting to note that, on some occasions, the subject smiled
when the concession was generous. Thus, the appraisal of a
concession (as manifested by the ERP) was, in some cases,

associated with the facial expression of emotion.

5.2 ERPs and "pay-off' manipulations

The social interaction between experimenter and subject can
have an influence on the strateqy adopted by the subject in
performing his or her assigned task. Subjects approach
experimental situations with hypotheses about the goals of the
experiment and, most importantly, the pay-offs associated with
different goals. Information about these pay~-offs can be derivad
from explicit instructions as well as more implicit forms of
communication between subject and experimenter.

In most ERP studies, we try to constrain the subject’s task
SO as to reduce the options available to the subject. In this
way, assumptions can be made about the processes used by the
subject to perform the task.

In several studies, instructions or pay-off schedules have
been deliberately manipulated in order to alter the subject’s
strategy in performing the task. 1In this case, the ERP focus is
on understanding how strategic changes are implemented. An
example of this approach has been described in section 4.4.1
where we saw that mnemonic strategies, manipulated by

instruction, were important determinants cf the P300/recall
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relationship and, by implication, of the role of the rehearsal of
distinctiveness cues in memory.

In the following two sections, we review other examples of
this kind of approach.

5.2.1 Decision-making. The way in which humans reach
decisions is an important problem for social psychologists. Most
theories of decision-making agree that subjective probability and
pay-off structure are fundamental determinants of human choices
(Fishbein & Ajzen, 1975).

Karis, Chesney, and Donchin (1983) investigated the role of
these two dimensions in determining the amplitude of P300. 1In
this study, subjects had to predict which of three stimuli (the
numbers 1, 2, or 3) would next occur. The probability of the
three stimuli were .45, .10, and .45, respectively. The subjects
were rewarded for correct predictions following one of two
schedules, run in different blocks. In one schedule
("all-or-none"), subjects were only rewarded for correct
predictions. In another pay-off schedule ("linear"), subjects
were not only rewarded for correct choices, but also received
half bonuses when their predictions were off by one (i.e., a1l
occurred when a 2 was predicted). Thus, in the "linear"
schedule, the optimal strategy was to predict 2 (objectively the
rare event).

Karis et al. found that although subjects did indeed vary

their overt predictions following the pay-off schedules, their
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P300s were always larger for the rare stimuli (the 2s). That the
subjects were aware of the probability structure in each of the
two conditions was confirmed by subjective reports. These
results indicate that P300 reflects subjective probability rather
than a conscioﬁs decision about which stimulus was most
rewarding.

Karis et al. also studied variations in subject’s strategy.
In particular they were able to quantify the "riskiness" of a
particular choice, by estimating the expected loss with respect
to the optimal behavior. They observed that P300 amplitude was
proportional to the riskiness of the prediction. They
interpreted this result in terms of differences in the relevance
of the information conveyed by the stimulus in cases of high and
low risk choices.

5.2.2 8peed-accuracy instructions. Kutas, McCarthy, and
Donchin (1977) analyzed the relationship between P300 and
reaction time, when subjects were given speed or accuracy
instructions. While the timing of the reaction time response in
relation to the P300 changed with instruction, the latency of the
P300 itself was only slightly affected. Thus, in this case, the
effect of instructions was to change the coupling between the
processes associated with P300 and those associated with overt
behavior. In terms of information processing, it appears that
speed instructions lead the subject to generate an overt response

before information has been fully processed.
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A similar modulation of the relationship between the
processing of stimulus information and the timing of the overt
response has been described by Gratton et al. (in press; see also
Gehring et al., 1986). In this case, measures of the readiness
potential (see section 4.1.1) were diagnostic of the strategic

mode of the subject (accurate versus fast).

$S.3 ERPs and communication

In this chapter, we have considered ERPs as a tool for
investigating cognitive processing. In particular, we have
emphasized how ERPs can be used to obtain information about
cognitive functions which would not be available in other ways.
In somewhat more extreme terms, we may consider ERPs as a
communication device.

An interesting example of this approach is given by a recent
study by Farwell, Donchin, & Kramer (1986). These investigators
have devised a technique that allows people to communicate by
exploiting the relationship between ERPs and attention. Subjects
in this study were presented with a matrix of letters that were
illuminated in rapid succession. By examining the ERP responses
to each of the flashes, they were able to determine the letters
to which the subjects were attending. Thus, letter by letter,
the subjects were able to communicate entire words, by means of
their ERPs. This type of communication device may be

particularly useful for cases in which people cannot communicate
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in other ways, such as in cases of patients that have lost any

motor ability as a consequence of trauma and disease.

5.4 Summary

In the examples reviewed in this section, we have seen how
ERPs can be used to study or, in one case, enhance social
behavior, broadly defined. The underlying theme of these
examples has been that, if the question of interest can be
considered in terms of the information processing transactions
that occur, ERPs may be a useful tool. This is because ERPs can
be regarded as manifestations of information processing
activities.

Upon analysis, there appear to be several other instances in
which such a conception is quite feasible, such as when the
interest of the investigator is on the cognitive processing of
social information. For example, the recent development of
"social cognition" as a sub-discipline within social psychology
has led to the treatment of a subset of "social processes" as
involving the operation of the cognitive apparatus on social
information (see, for example, Wyer & Srull, 1984). The only
restriction in the application of ERPs to this domain is that the
information be presented discretely so that segments of the EEG
can be identified that are time-locked to the events of interest.

In other cases, considerable efforts may be needed in orde;

to apply the model of cognitive psychophysiology. For example,
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evaluations of social interactions would require not only that
the interactions be structured so as to permit discrete events to
be identified. One would also need to incorporate repetitions of
the "same" event into the interaction (if averaging is necessary
to extract stable ERPs) and, most importantly, to identify the
putative cognitive processes associated with the events. The
imposition of this kind of structure may result in a distortion
of the essence of the interaction process.

On the basis of the foregoing examples and discussion, there
appears to be good reason to expect considerable benefit from an
application of a cognitive psychophysiology based on ERPs in
various areas within psychology, particularly social psychology.
Just as problems in cognitive psychology are proving more
tractable when psychophysiological measures are added to those
measures traditionally available, problems in social psychology
may prove to be similarly more tractable. However, the benefits
of such an application will only accrue if the
psychophysiological measures are derived under appropriate
circumstances and if such circumstances can be created without

distortion of the phenomenon of interest.




Event-Related Brain Potent:ials
Page 466

6. References
Allison, T., Wood, C. C., & McCarthy, G. (1986). The central

nervous system. In M. G. H. Coles, S. W. Porges, & E.

Donchin (Eds.), Psychophysioloqy: Systems, processes, and
applications (pp. 5-25). New York, NY: Guilford.

Arnold, M. B. (1960). Emotion and personaljty. New York:

Columbia University Press.

Beatty, J., Barth, D. S., Richer, F., & Johnson, R. A. (1986).

Neuromagnetometry. In M. G. H. Coles, S. W. Porges, & E.

Donchin (Eds.), Psychophysjology: Systems processes, and
applications (pp. 5-25). New York, NY: Guilford.

Berger, H. (1929). Uber das Elektrenkephalogramm das menchen.

Archiv fur Psychijatrie, 87, 527-570.

Bosco, C. M., Gratton, G., Kramer, A. F., Wickens, C. D., Coles,
M. G. H., & Donchin, E. (1986). Information extraction and

components of the event-related potential.

Psychophysiology, 23, 426. (Abstract)

Bower, G. H. (1981). Mood and memory. American Psychologist,
36, 129-148.




m J-———F—T“v — -

Event-Related Brain Potentijials
Page 67

Broadbent, D. E. (1957). A mathematical model for human

attention and immediate memory. Psychologjcal Review, 64,
205-215.

Brunia, C. H. M., Haagh, S. A. V. M., & Scheirs, J. G. M. (1985).
Waiting to respond: Electrophysiological measurements in man
during preparation for a voluntary movement. In H. Heuer,
U. Kleinbeck, & K. H. Schmidt (Eds.), Motor behavior.
Programming, control and acquisjtjon (pp. 35-78). Berlin:

Springer-Verlag.

Buchwald, J., & Squires, N. (1983). Endogenous auditory
potentials in the cat: A P300 model. In C. Woody (Ed.),

condjtioning (pp. 503-515). New York: Plenum Press.

Cimbalo, R. S. (1978). Making something stand out: The isolation
effect in memory performance. In M. M. Grunneberg, P. E.

Morris, & R. N. Sykes (Eds.), Practical aspects of memory
(pp. 101-110). New York: Academic Press.

Coles, M. G. H., Gratton, G., Bashore,'T. R., Eriksen, C. W., &
Donchin, E. (1985). A psychophysiological investigation of
the continuous flow model of human information processing.
Performance, 1ll, 529-553.




- T v

Event-Related Brain Potentials
Page 68
Coles, M. G. H., Gratton, G., Kramer, A. F., & Miller, G. A.
(1986). Principles of signal acquisition and analysis. 1In
M. G. H. Coles, E. Donchin, & S. W. Porges (Eds.),

Psychophysiology: Systems, Processes, and Applications (pp.
183-221). New York, NY: Guilford.

Coles, M. G. H., Gratton, G., & Gehring, W. J. (1987). Theory in

cognitive psychophysiology. Journal of Psychophysiology, 1,
13-16.

Connor, W. H., & Lang, P. J. (1969). Cortical slow-wave and
cardiac rate responses in stimulus orientation and reaction

time conditions. Journal of Experimental Psychology, 82,
310-320.

[ ]
Csepe, V., Karmos, G., & Molnar, M. (1987). Effects of signal

probability on sensory evoked potentials in cats.

International Journal of Neuroscience, 33, 61-71.

Damen, E. J. P., & Brunia, C. H. M. (1987). Changes in heart
rate and slow brain potentials related to motor preparation

and stimulus anticipation in a time estimation task.

Psychophysioloqy,




Event-Related Brain Potentials
Page 69

De Jong, R., Wierda, M., Mulder, G., & Mulder, L. J. W. (0000).
The timing of response preparation. u of erimenta

cho : Huma epti a orma

Deecke, L., Bashore, T., Brunia, C. H. M., Grunewald-Zuberbier,
E., Grunewald, G., & Kristeva, R. (1984).
Movement-associated potentials and motor control. 1In

Karrer, R., Cohen, J., & Tueting, P. (Eds.), Brain and

information: Event-related potentials (pp. 398-428). New

York: New York Academy of Science.

Deecke, L., Englitz, H. G., Kornhuber, H. H., & Schmitt, G.
(1977). Cerebral potentials preceding voluntary movement in
patients with bilateral or unilateral parkinson akinesia. In
Jg E- Desmedt (Eds.), Attention, voluntary contraction, and
event-related cerebral potentials. Progress in Clinical
Neurophysiology, vol. 1 (pp. 151-163). Basel: Karger.

Deecke, L., Weinberg, H., & Brickett, P. (1982). Magnetic fields

of the human brain accompanying voluntary movements.

Bereitschaftsmagnetfeld. Experimental Brain Research, 48,
144-148.




Event-Related Brain Potentials
Page 70

Desmedt, J. E. (1980). P300 in serial tasks: An essential

post-decision closure mechanism. In H. H. Kornhuber & L.

Deecke (Eds.), ivati moto and sensor ocesses of
the brain. Progress in Brain Research, vol. 54 (pp.
682-686). Amsterdam: Elsevier-North Holland.

Desmedt, J. E., & Robertson, D. (1977). Differential enhancement

of early and late components of the cerebral soamtosensory

evoked potentials during forced-paced cognitive tasks in

man. Journal of Physiology, 271, 761-782.

Deutsch, J. A., & Deutsch, D. (1963). Attention: Some

theoretical considerations. Psychological Review, 70,
80-90.

Donchin, E. (1978). Use of scalp distribution as a dependent
variable in event-related potential studies: Excerpts of
preconference correspondence. In D. Otto (Ed.),

s tiv i -
Potentials Research (EPA-600/9-77-043) (pp. 501-510).
Wwashington, D.C.: U.S. Govt. Printing Office.




Event-Related Brain Potentials
Page 71

Donchin, E. (1979). Event-related brain potentials: A tool in

the study of human information processsing. In H. Begleiter

(Ed.), Evoked potentials and behavior (pp. 13-75). New York:

Plenum Press.

Donchin, E. (1981). Surprise!...Surprise? cho siolo

493-513.

Donchin, E., & Coles, M. G. H. (0000). 1Is the P300 component a

manifestation of context updating? Behavioral an¢ Brain
Sciences.

Donchin, E., Gratton, G., Dupree, D., & Coles, M. G. H. (0000).
After a rash action: Latency and amplitude of the P300
following fast guesses. In G. Galbraith, M. Klietzman, & E.
Donchin (Eds.), Neurophysiology and Psvchophysiology:
Experimental and Clinical Applications. Hillsdale, NJ:

Erlbaunm.

Donchin, E., & Heffley, E. (1978). Multivariate analysis of
event-related potential data: A tutorial review. 1In D. Otto
(Eds.), Multidisciplinary perspectives jin event-related
brain potential research (pp. 555-572). (EPA-600/9-77-043).

Washington, D.C.: U.S. Government Printing Office.




Event-Related Brain Potentials
Page 72

Donchin, E., Heffley, E., Hillyard, S. A., Loveless, N.,
Maltzman, I., Ohman, A., Rosler, F., Ruchkin, D., & Siddle,
D. (1984). Cognition and event-related potentials: II. 1In
R. Karrer, J. Cohen, & P. Tueting (Eds.), Brain and
information: Event-related potentials. Annals of the New

York Academy of Sciences, Vol. 25 (39-57).

Donchin, E., & Herning, R. I. (1975). A simulation study of the
efficacy of Step-Wise Discriminant Analysis in the detection

and comparison of event-related potentials.

Electroencephalography and Clinical Neurophysiology, 38,
51-68.

Donchin, E., Karis, D., Bashore, T. R., Coles, M. G. H., &
Gratton, G. (1986a). Cognitive psychophysiology and human

information processing. In M. G. H. Coles, E. Donchin, & S.

W. Porges (Eds.), Psychophysiology: Systems, processes, and
applicatijons (pp. 244-267). New York: Guilford Press.

Donchin, E., Kramer, A. F., & Wickens, C. D. (1986b).
Applications of event-related braip potentials to problems
in engineering psychology. In M. G. H. Coles, E. Donchin, &
S. W. Porges (Eds.), 3 o] s

and applications (pp. 702-718). New York: Guilford Press.




Event-Related Brain Potentials
Page 73

Donchin, E., Ritter, W., & McCallum C. (1978). Cognitive
psychophysiology: The endogenous components of the ERP. In.
E. Callaway, P. Tueting, & S. H. Koslow (Eds.),

Event-related Brain Potentials in Man (pp. 349-411). New

York: Academic Press.

Duncan-Johnson, C. C., & Donchin, E. (1977). On quantifying
surprise: The variation of event-related potentials with

subjective probability. Psychophvsiology, 14, 456-467.

Duncan-Johnson, C. C., & Donchin, E. (1979). The time constant

in P300 recording. Psychophysiology, 16, 53-5S5.

Eason, R. G., Aiken, L. R., Jr., White, C. T., & Lichtenstein, M.
(1964) . Activation and behavior: II. Visually evoked

cortical potentials in man as indicants of activation level.

Perceptual and Motor Skills, 19, 875~895.

Fabiani, M., Gratton, G., Karis, D., & Donchin, E. (0000). The
definition, identification, and reliability of measurement
of the P300 component of the event-related brain potential.
In P. K. Ackles, J. R. Jennings, & M. G. H. Coles (Eds.),

Advances in Psychophysjiology, Volume 2. Greenwich, CT: JAI

Press, Inc.




Event~-Related Brain Potentials
Page 74

Fabiani, M., Karis, D., & Donchin, E. (1985). Effects of

strategy manipulation on P300 amplitude in a von Restorff

paradigm. Psychophysiology, 22, 588-589 (Abstract).

Fabiani, M., Karis, D., & Donchin, E. (1986a). P300 and recall
in an incidental memory paradigm. Psychophysiology, 23,
298-308.

Fabiani, M., Karis, D., & Donchin, E. (1986b). P300 and memory.

In W. C. McCallum, R. Zappoli, & F. Denoth (Eds.)

Cerebral psychophysijology: Studies in event-related potentials
(pp. 63-69). Amsterdam: Elsevier. (Supplement 38 to

Electroencephalography and Clinical Neurophysiology.)

Farwell, L. A., & Donchin, E. (1986). The "Brain Detector:" P300
in the detection of deception. Psychophysiology, 23, 435.
(Abstract)

Farwell, L. A., Donchin, E., & Kramer, A. F. (1986). Talking

heads: A mental prosthesis for communicating with
event-related potentials of the EEG. Psychophysioloqy, 23,

435. (Abstract)




Event-Related Brain Potentials
Page 75
Fischler, I., Bloom, P. A., Childers, D. G., Roucos, S. E., &
Perry, N. W., Jr. (1983). Brain potentials related to

stages of sentence verification. Psychophysiology, 20,

400-409.

Fischler, I., Childers, D. G., Achariyapaopan, T., & Perry, N.
W., Jr. (1985). Brain potentials during sentence

verification: Automatic aspects of comprehension.

Bjological Psychology, 21, 83-105.

Fishbein, M., & Ajzen, I. (1975). Belief, attitude, intention

and behavjor. Reading, MA: Addison-Wesley.

Fox, A. M., & Michie, P. T. (1987). P3 and memory relationship
under instructed learning strategy conditions. Paper
presented at the 4th International Conference on Cognitive

Neurosciences, June, Paris-Dourdan, France.

Gaillard, A. (1978). Slow brain potentials preceding task
performance. JDoctoral Dissertation. Soesterberg, The

Netherlands: Institute for Perception (TNO).

Gehring, W., Gratton, G., Coles, M. G. H., & Donchin, E. (1986).

Response priming and components of the Event-Related Brain

Potential. Psychophysiology, 23, 437-438. (Abstract)




Event-Related Brain Potentials
Page 76

Glaser, E. M., & Ruchkin, D. s. (1976). inciples o

neurobioclogical signal analysis. New York: Academic Press.

Gratton, G., Coles, M. G. H., & Donchin, E. (1983). A new method
for off-line removal of ocular artifact.
ectroencephalography and Clinjca euro sioloqy, 55,

468-484.,

Gratton, G., Coles, M. G. H., & Donchin, E. (1987). A procedure
for using multielectrode information in the analysis of
components of the Event-Related Potentials: Vector

Filtering. Submitted.

Gratton, G., Coles, M. G. H., Sirevagg, E., Eriksen, C. W., &
Donchin, E. (0000). Pre- and post-stimulus activation of
response channels: A psychophysiological analysis. Journal

xperim s o) : _Human io

Perfo .

Halgren, E., Squires, N. K., Wilson, C. L., Rohrbaugh, J. W.,
Babb, T. L., & Randall, P. H.(1980). Endogenous potentials
generated in the human hippocampal formation and amygdala by

infrequent events. Science, 210, 803-805.




Event-Related Brain Potentials
Page 77

Halliday, A. M., Butler, S. R., & Paul, R. (Eds.) (1987). A

textbook of clinjcal neurophysioclogy. Chichester, England:

Wiley.

Harter, M. R., & Aine, C. J. (1984). Brain mechanisms of visual
selective attention. 1In R. Parasuraman & D. R. Davies

(Eds.), Varietjes of attention (pp. 293-321). London:

Academic Press.

Hillyard, S. A., Hink, R. F., Schwent, V. L., & Picton, T. W.
(1973). Electrical signs of selective attention in the

human brain. Scjence, 182, 177-180.

Hillyard, S. A., Picton, T. W., & Regan, D. (1978). Sensation,

perception, and attention: Analysis using ERPs. 1In E.

Callaway, P. Tueting, & S. H. Koslow (Eds.), -related
brain potentials in man (pp. 223-321). New York, NY:

Academic Press.

Horst, R. L., & Donchin, E. (1980). Beyond averaging II: Single
trial classification of exogenous event-related potentials
using Step-Wise Discriminant Analysis.
Electroencephalography and Clinical Neurophvsiolgy. 48,
113-126.,




Event-Related Brain Potentials
Page 78

Jasper, H. H. (1358). The ten-twenty electrode system of the

International Federation. ctroencephalography and

GClinjcal Neurophysiology, 10, 371-375.

Johnson, R., Jr. (1986). A triarchic model of P300 amplitude.

Psychophysiology, 23, 367-384.

Johnson, R., Jr., & Donchin, E. (1978). On how P300 amplitude

varies with the utility of the eliciting stimuli.

Electroencephalography and Clinjcal Neurophysiology, 44,
424-437.

Johnson, R., Jr., Pfefferbaum, A., & Kopell, B. S. (1985). P300

and long-term memory: Latency predicts recognition time.

Psychophysiology, 22, 498-507.

Johnston, V. S., Miller, D. R., & Burleson, M. H. (1986).

Multiple P3s to emotional stimuli and their theoretical

significance. Psychophysiology, 23, 684-694.

Kahneman, D. (1973). Attention and effort. Englewood Cliffs,
NJ: Prentice-Hall.




Event-Related Brain Potentials

Page 79
Karis, D., Chesney, G. L., & Donchin, E. (1983). "...’twas ten
to one; And yet we ventured...": P300 and decision making.

Psychophysiology, 20, 260~-268.

Karis, D., Druckman, D., Lissak, R., & Donchin, E. (1984). A
psychophysiological analysis of bargaining: ERPs and facial
expressions. In R. Karrer, J. Cohen, & P. Tueting (Eds.),
Brain and information: Event-related potentjals (pp.

230-235). New York: The New York Academy of Sciences.

Karis, D., Fabiani, M., & Donchin, E. (1984). P300 and memory:
Individual differences in the von Restorff effect.

Cognitive Psychology, 16, 177-216.

Karrer, R., & Ivins, J. (1976). Steady potentials accompanying
perception and response in mentally retarded and normal
children. In R. Karrer (Ed.), Developmental

psychophysiology of mental retardation (pp. 361-417).
springfield, IL: Thomas.

Klorman, R., & Ryan, R. M. (1980). Heart rate, contingent
negative variation, and evoked potentials during
anticipation of affective stimulation. Psychophysioloqgy,
17, 513-523.




Event-Related Brain Potentials
Page 80
Knight, R. T., Hillyard, S. A., Woods, D. L., & Neville, H. J.
(1981). The effects of frontal cortex lesions on

event-related potentials during auditory selective

attention. Electroencephalography and clinical
Neurophysioloqy, 52, 571-582.

Kornhuber, H. H., & Deecke, L. (1965). Hirnpotentialanderungen
bei Wilkurbewegungen und passiven Bewegungen des Menschen:

Bereitschaftpotential und reafferente Potentiale. pPflugers

Archives fur die gesammte Physiologie, 248, 1-17.

Kramer, A. F. Sirevaag, E. J., & Braune, R. (1987). A

psychophysiological assessment of operator workload during

simulated flight missions. Human Factors, 29, 145-160.

Kutas, M., & Donchin, E. (1980). Preparation to respond as

manifested by movement-related brain potentials. Brain

Research, 202, 95-115.

Kutas, M., & Hillyard, S. A. (1980a). Reading senseless

sentences: Brain potentials reflect semantic incongruity.

Science, 207, 203-205.




Event-Related Brain Potentials
Page 81

Kutas, M., & Hillyard, S. A. (1980b). Event-related brain
potentials to semantically inappropriate and surprisingly

large words. Biologjical Psychelogy, 11, 99-116.

Kutas, M., & Hillyard, S. A. (1982). The lateral distribution of
event-related potentials during sentence processing.

Neuropsychologia, 20, 579-590.

Kutas, M., & Hillyard, S. A. (1983). Event-related brain
potentials to grammatical errors and semantic anomalies.

Memory and Cognjtion, 11, 539-550.

Kutas, M., & Hillyard, S. A. (1984). Brain potentials during
reading reflect word expectancy and semantic association.

Nature, 307, 161-163.

Kutas, M., Lindamood, T. E., & Hillyard, S. A. (1984). Word
expectancy and event-related brain potentials during
sentence processing. In S. Kornblum & J. Requin (Eds.),

Preparatory states and processes (pp. 217-237). Hillsdale,
NJ: Erlbaunm.

Kutas, M., McCarthy, G., & Donchin, E. (1977). Augmenting mental

chronometry: The P300 as a measure of stimulus evaluation

time. Science, 197, 792-795.




Event-Related Brain Potentia.s

Page 32

Lorente de No, R. (1947). Action potential of the motoneurons of

the hypoglossus nucleus. of C an
Comparatjve Physiology, 29, 207-287.

Loveless, N. E., & Sanford, A. J. (1974). Slow potential
correlates of preparatory set. Bijological Psychology, 1,
303-314.

Lykken, D. T. (1974). Psychology and the lie detector industry.
Aperican Psychologist, 29, 725-739.

Macar, F., & Besson, M. (1987). An event-related potential

analysis of incongruity in music and other non-linguistic

contexts. Pgychophysiology, 24, 14-25.

Magliero, A., Bashore, T. R., Coles, M. G. H., & Donchin, E.

(1984). On the dependence of P300 latency on stimulus

evaluation processes. Pgychophysiology, 21, 171-186.

McCallum, W. C., Curry, S. H., Cooper, R., Pocock, P. V., &
Papakostopoulos, D. (1983). Brain event-related potentials

as indicators of early selective processes in auditory

target localization. pPsychophysiology, 20, 1-17.




Event~-Related Brain Potentials
Page 83

McCallum, W., C., Farmer, S. F., & Pocock, P. V. (1984). The

effects of physical and semantic incongruities on auditory

event-related potentials. Psychophysiology, 24, 449-463.

McCarthy, G.. & Donchin, E. (1981). A metric for thought: A
comparison of P300 latency and reaction time. Science, 211,

77-80.

Michie, P. T., Bearpark, H. M., Crawford, J. M., & Glue, L. C. T.

(1987). The effects of spatial selective attention on the

somatosensory event-related potential. Psychophysjolgy, 24,

449-463.

Miller, G. A. (1986). Information processing deficits in

anhedonia and perceptual aberration: A psychophysiological

analysis. Biological Psychiatry, 21, 100-115.

Naatanen, R. (1982). Processing negativity: An evoked potential
reflection of selective attention. i Bu in,

92, 605-640.




Event-Related Brain Potentials
Page 84

Naatanen, R., & Gaillard, A. W. K. (1983).

The orienting reflex
and the N2 deflection of the event-related potential (ERP).

In A. W. K. Gaillard & W. Ritter (Eds.), Tutorials jin ERP

research: Endogenous components (pp. 119-141). Amsterdam:
North Holland.

Naatanen, R., & Picton, T. (1987).

The N1 wave of the human

electric and magnetic response to sound: A review and an
analysis of the component structure.

Psychophysioloqy, 24,
375-425.

Neville, H. J. (1985). Biological constraints on semantic

processing: A comparison of spoken and signed languages.

Psychophysioleogy, 22, 576. (Abstract).

Neville, H. J., Kutas, M., Chesney, G., & Schmidt, A. L.

(1986) .
Event-related brain potentials during initial encoding and

recognition memory of congruous and incongruous words.

Journal of Memory and Language, 25, 75-92.

Norman, D. A., & Bobrow, D. G. (1975). On data-limited and

resource-limited processes. Cognitive Psychology, 7, 44-64.

Nunez, P. L. (1981). s o in:

neurophysics of EEG. London: Oxford University Press.




Event-Related Brain Potentials
Page 85

O’Keefe, J., & Nadel, L. (1978). The hippocampus as a coqnitive

map. Oxford: Oxford University Press.

Okada, Y. C., Kaufman, L., & Williamson, S. J. (1983). The
hippocampal formation as a source of the slow endogenous

potentials. ctroencepha a and Clinjcal

Neurophysiology, 55, 416-426.

Okada, Y. C., Williamson, S. J., & Kaufman, L. (1982). Magnetic

fields of the human sensory-motor cortex. Internatjonal
Journal of Neurophysiolegy, 17, 33-38.

Paller, K. A., Kutas, M., & Mayes, A. R. (1985). An

investigation of neural correlates of memory encoding in

man. Psychophysiology, 22, 607. (Abstract)

Paller, K. A., McCarthy, G., & Wood, C. C. (1987). ERPs
predictive of later performance on recall and recognition
tests. Paper presented at the 4th International Conference
on Cognitive Neurosciences, Paris-Dourdan, France.

Podlesny, J. A., & Raskin, D. C. (1977). Physiological measures

and the detection of deception. Psychological Bulletin, 84,

782-799.




- —— —y v - T - e —— . e L

Event-Related Brain Potentials

Page 86
Ragot, R. (1984). Perceptual and motor space representation: An
event-related potential study. Psychophysiology, 21,
159-170.

Regan, D. (1972). Evoked potentials in Psychology, Sensory
Physiology, and Clinical Medicine. New York: Wiley.

Renault, B. (1983). The visual emitted potentials: Clues for
information processing. In A. W. K. Gaillard & W. Ritter
(Eds.), Tutorials in event related potential research:

Endogenous components (pp. 159-176). Amsterdam:
North-Holland Publishing Company.

Ritter, W., Simson, R., Vaughan, H. G., Jr., & Macht, M. (1982).
Manipulation of event-related potential manifestations of

information processing stages. Science, 218, 909-911.

Rohrbaugh, J. W., & Gaillard, A. W. K. (1983). Sensory and motor
aspects of the contingent negative variation. In A. W. K.
Gaillard & W. Ritter (Eds.), ials in ev - a

potential research: Endogeneous components (pp. 269-310).

Amsterdam: North-Holland.




Event-Related Brain Potentials

Page 87
Rohrbaugh, J. W., Syndulko, K., & Lindsley, D. B. (1976). Brain
components of the contingent negative variation in humans.

Science, 191, 1055-1057.

Rosler, F. (1983). Endogenous ERPs and cognition: Probes,
prospects, and pitfalls in matching pieces of the mind-body

problem. In A. W. K. Gaillard, & W. Ritter (Eds.),

Tutorials jin event-related potential research: Endogenous

components (pp. 9-35). Amsterdam: Elsevier.

Rugg, M. D. (1985). The effects of semantic priming and word
repetition on event-related potentials. Psychophysioloqy,

22, 642-647.

Rugg, M. D., & Barrett, S. E. (0000). Event-related potentials
and the interaction between orthographic and phonological
information in a rhyme-judgment task. Submitted for

publication.

Sanquist, T. F., Rohrbaugh, J. W., Syndulko, K., & Lindsley, D.
B. (1980). Electrocortical signs of levels of processing:

Perceptual analysis and recognition memory.

Psychophysiology, 17, 568-576.




Event-Related Brain Potentials
Page 83

Scherg, M., & von Cramon, D. (1985). Two bilateral sources of the
late AEP as identified by a spatio-temporal dipole model.

Electroencephalography and clinical Neurophysioloqy, 62,
32-44.

Simons, R. F., MacMillan, F. W., & Ireland, F. B. (1982).
Anticipatory pleasure deficit in subjects reporting physical
anhedonia: Slow cortical evidence. iologica sychology,

14, 297-310.

Simson, R., Vaughan, H. G., Jr., & Ritter, W. (1976). The scalp
topography of potentials associated with missing visual and
auditory stimuli. Electroencephalography and Clinical
Neurophysiology, 40, 33-42.

Sirevaag, E. J., Kramer, A. F., Coles, M. G. H., & Donchin, E.

(1984). P300 amplitude and resource allocation.

Psychophysiology, 21, 598-599. (Abstract)

Squires, K. C., Squires, N. K., & Hillyard, S. A. (1975) .
Decision-related cortical potentials during an auditory

signal detection task with cued intervals. Journal of

i : i rformance,

1, 268-279.




Event~Related Brain Potentials
Page 89

Squires,” K. C., & Donchin, E. (1976). Beyond averaging: The use
of discriminant functions to recognize event-related

potentials elicited by single auditory stimuli.

Electroencephalography and Clinical Neurophysioloqy, 41,
449-459.

Squires, K. C., Wickens, C., Squires, N. K., & Donchin, E.
(1976). The effect of stimulus sequence on the waveform of
the cortical event-related potential. Science, 193,

1142-1146.

Starr, A., & Farley, G. R. (1983). Middle and long latency
auditory evoked potentials in cat. II Component distribution
and dependence on stimulus factors. Hearing Research, 10,

139-152.

Sutton, S., Braren, M., Zubin, J., & John, E. R. (1965). Evoked
potential correlates of stimulus uncertainty. Science, 150,

1187-1188.

Sutton, S., Tueting, P., Zubin, J., & John, E. R. (1967).

Information delivery and the sensory evoked potentials.

Science, 155, 1436-1439.




Event-Related Brain Potentials
Page 90

Sutton, S., & Ruchkin, D. S. (1984). The late positive complex.
Advances and new problems. In R. Karrer, J. Cohen, and P.

Tueting (Eds.), Brain and Information: Event-Related

Potentials. Annals of the New York Academy of Scjences,
425, 1-23.

Towle, V. L., Heuer, D., & Donchin, E. (1980). On indexing
attention and learning with event-related potentials.

Psychophysiology, 17, 291. (Abstract)

Treisman, A., & Gelade, G. (1980). A feature integration theory

of attention. Cognitjve Psycholoqgy, 12, 97-136.

vVan Petten, C., & Kutas, M. (1987). Ambiguous words in context:

An event-related analysis of the time course of meaning

activation. Journal of Memoxry and Language, 26, 188-208.

vVaughan, H. G., Costa, L. D., & Ritter, W. (1972). Topography of
the human motor potential. a a and

¢linical Neurophysiolegy, 23, 1-10.

Verleger, R. (0000). Event-related potentials and memory: A
critique of the context updating hypothesis and an
alternative interpretation of P3. vi Braj

Sciences.




Event-Related Brain Potentials
Page 91

Von Restorff, H. (1933). Uber die Wirkung von Bereichsbildungen

im Spurenfeld. Psychologische Forschung, 18, 299-342.

Wallace, W. P. (1965). Review of the aistorical, empirical, and

theoretical status of the von Restorff phenomenon.

Psychological Bulletin, 63, 410-424.

Walter, W. G., Cooper, R., Aldridge, V. J., McCallum, W. C., &
Winter, A. L. (1964). Contingent negative variation: An
electrical sign of sensorimotor association and expectancy

in the human brain. Nature, 203, 380-384.

Wood, C. C., & McCarthy, G. (1984). Principal component analysis
of event-related potentials: simulation studies demonstrate
misallocation of variance across components.

298-308.

Wood, C. C., McCarthy, G., Squires, N. K., Vaughan, H. G., Woods,
D. L., & McCallum, W. C. (1984). Anatomical and
physiological substrates of event-related potentials. In R.
Karrer, J. Cohen, & P. Tueting (Eds.), Brain and
Information: Event-related Potentials (pp. 681-721). New

York: The New York Academy of Sciences.




Event-Related Brain Potentials
Page 92

Woody, C. D. (1967). Characterization of an adaptive filter for

Wyer,

Yee,

the analysis of variable latency neuroelectrical signals.

Medical and Bjological Engineering, S5, 539-553,

R. S., & Srull, T. K. (1984). Handbook of social
cognition. Hillsdale, NJ: Erlbaum.

C. M., & Miller, G. A. (0000). Emotional information

processing: Modulation of fear in normal and dysthymic

subjects. Journal of Abnormal Psychology.




Event-Related Brain Potentials
Page 93

- 7. Figure Legends

Figure 1. Schematic representation of the operations
involved in the recording of Event-Related brain Potentials.
From left to right: (a) Top view of the head, indicating the
placements of five electrodes (Fz, C3, Cz, C4, and Pz) from which
EEG is recorded ~ note that other locations are also frequently
used; (b) the EEG signal is then transferred to an amplifying and
filtering system; (c) the amplified and filtered signal may be
stored temporarily on an analog magnetic tape: (d) the analog
signal is then converted into a digital signal by sampling the
potential at a high frequency (usually at least 100 Hz) by an
Analog-to-Digital converter; (e) the digitally transformed signal
may be stored on a digital store device (magnetic tape or disc);
(f) finally, ERPs are extracted from the digitizgd EEG signal by
averaging point-by-point across a large sample of trials (more

than 20).

Figure 2. A schematic representation of ERP components
elicited by auditory, infrequent target stimuli. The three
panels represent three different voltage x time functions: the
left bottom panel shows the very early sensory components (with a
latency of less than 10 ms); the left top panel shows the middle
latency sensory components (with a latency of between 10 and 50
ms); and the right panel shows late components (latency exceeding

50 ms). Note the different voltage and time scales used in the
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three panels, as well as the different nomenclatures used to
label the peaks (components). (Copyright 1979, Plenum Publishing
Corporation. Adapted with permission of the author and publisher

from Donchin, 1979.)

Figure 3. Schematic representation of configuration of
neurons whose simultaneous polarization does or does not result
in a potential detectable by a distant electrode. The electric
fields generated by polarization of neurons organized in layers
(such as those shown in the left panel) add together to form a
powerful field that can be detected from a distant (e.g., scalp)
electrode ("open field"). The fields generated by neurons
organized concentrically (such as those shown in the right panel)
cancel each other to produce a very small field that cannot be
detected by a scalp electrode ("closed field"). (Copyright 1947,
Alan R. Liss, Inc. Reprinted with permission of the author and

publisher from Lorente de No, 1947.)

Figure 4. ERPs elicited by counted, rare tones (upper
panel). The data recorded with four different high-pass filter
settings ("time constant") are superimposed. Stimulus occurrence
is indicated by an S on the time scale. Calibration pulses
{lower panel) are plotted on the same voltage x time scale as the
ERPs. Note the reduction in amplitude and deformation of the ERP

waveshape produced by progressively shorter time constants, that
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reduce low frequency activity. (Copyright 1979, The Society for
Psychophysiological Research. Reprinted with permission of the

author and publisher, from Duncan-Johnson & Donchin, 1979.)

Figure 5. Schematic representation of an ERP waveform,
indicating different procedures for component quantification.
Three types of peak measures are indicated. The peak latency is
obtained by measuring the interval (in ms) between the external
triggering event and a positive or negative peak in the waveform.
The base-to-peak amplitude measure is obtained by computing the
voltage difference (in microvolts) between the voltage at the
peak point and a baseline level (usually the average pre-stimulus
level). The peak-to-peak amplitude measure is obtained by
computing the voltage difference (in microvolts) between the
voltage at the peak point and the voltage at a previous peak of
opposite polarity. The area measure is obtained by integrating

the voltage between two timepoints.

Figure 6. Example of the application of Principal
Component Analysis (PCA) to the study of ERPs. A series of ERP
waveforms (whose grandaverage is plotted in the upper panel of
the figure) are decomposed in several constituent components,
whose time courses (component loadings) are shown in the lower
panel of the figure. The component loadings are then used to

determine the degree to which a particular component is present
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in each of the ERP waveforms. (Copyright 1982, Elsevier Science
Publishers. Reprinted with permission of the author and

publisher from Duncan-Johnson & Donchin, 1982.)

Figure 7. Example of the application of Vector Filtering
to the study of ERPs. Waveforms from three electrode locations,
shown in the upper panel, are used to determine the contribution
of a particular component (e.g. P300), which is characterized by
a specific profile of amplitudes at the different electrode
locations. The result of this operation is shown in the lower

panel.

Figure 8. Grand-average ERP waveforms at Pz from 10
subjects for counted (high - left column) and uncounted (low -
right column) stimuli (tones), with different a priori
probabilities. The probability level is indicated by a
percentage value beside each waveform. Waveforms from a
condition in which the subjects were instructed to ignore the
stimuli are are also presented for a comparison. The occurrence
of the stimulus is indicated by a black bar on the time scale.
Positive voltages are indicated by downward deflections of the
waveforms. Note that P300 amplitude is inversely proportional to
the probability of the eliciting stimulus (“probability effect"),
and, at the same probability level, P300 is larger for counted

than uncounted stimuli ("target effect"). (Copyright 1977, The
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Society for Psychophysiological Research. Reprinted with
permission of the author and publisher from Duncan-Johnson &

Donchin, 1977.)

Figure 9. ERP waveforms at Pz averaged across subjects for
three different semantic categorization tasks. The solid line
indicates ERPs obtained during a task in which the subjects had
to distinguish between the word DAVID and the word NANCY (the FN
condition). The dotted line indicates ERPs obtained during a
task in which the subjects had to decide whether a word presented
was a male or a female name (the VN condition). The dashed line
indicates ERPs obtained during a task in which the subjects had
to decide whether a word was or was not a synonym of the word
PROD (SYN condition). These three tasks were considered to
involve progressively more difficult discriminations. Note the
latency of P300 peak is progressively longer as the
discrimination is made more difficult. (Copyright 1977, The
AAAS. Adapted with permission of the author and publisher from

Kutas, McCarthy, & Donchin, 1977.)

Figure 10. Accuracy of reaction time responses given at
different latencies ("speed-accuracy functions") for trials with
nfast" and "slow" P300. Response latency (defined in terms of
the onset of the EMG response) is plotted on the abscissa. The

probability that a response would be correct is plotted on the
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ordinate. Note that the probability of giving a correct response
increases as response latency increases. At very short response
latencies, responses are at a chance level of accuracy (.5). At
long response latencies, responses are usually accurate. The
speed/accuracy function for those trials with P300 latency
shorter than the median latency ("fast P300" trials) are
indicated by solid lines. The speed/accuracy function for those
trials with P300 latency longer the median latency ("slow P300"
trials) are indicated by dashed lines. Note that, for each
response latency, the probability of giving a correct response is
higher when the P300 on that trial (reflecting the speed of
stimulus processing on that trial) is fast than when it is slow.
(Copyright 1985, The American Psychological Association.
Reprinted with permission of the publisher from Coles, Gratton,

Bashore, Eriksen, & Donchin, 1985.)

Figure 11. Typical movement related potential (recorded
from a central electrode - Cz) preceding a voluntary hand
movement. Note that the potential begins about 1 sec before the
movement (indicated by the dashed vertical line). The potential
can be subdivided into different components as follows: N1 (RP -
Readiness Potential, BSP - Bereitschaftspotential); N2 (MP -
Motor Potential): and the P2 (RAF - Reafferent Potential).

(Copyright 1980, Elsevier Science Publishers. Adapted with
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permission of the author and publisher from Kutas & Donchin,

1980.) 1

Figqure 12. Schematic representation of a typical contingent
negative variation (CNV) recorded from Cz. The CNV is the
negative portion of the wave between the presentation of the

warning and imperative stimuli. The early portion of the CNV is

labelled "O-wave" (or Orienting wave), while the late portion is
labelled "E-wave" (or Expectancy wave). (Copyright 1983, 1
Elsevier Science Publishers. Adapted with permission of the 1

author and publisher from Rohrbaugh & Gaillard, 1983.)

Figure 13. The effect of attention on early components of
the auditory event-related potential recorded at the central
electrode (Cz). The left panel shows ERPs for tones presented in
the left ear. Note that, the difference between the ERPs to
attended tones (solid line) versus those for unattended tones
(dashed line) consists of a sustained negative potential. A
similar difference can be seen for tones presented to the right
ear (see right panel). (Copyright 1981, Elsevier Science
Publishers. Adapted with permission of ‘the author and publisher

from Knight et al., 1981.)

Figure 14. The effects of deviance on "mismatch negativity".

A standard (80 db) tone was presented on 90% of the trials and a
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deviant téne (57, 70 or 77 db, in different blocks) was presented
on 10% of the trials. The ERP to the standard is indicated by
the thin line in each panel; the ERP to the deviant tone is
indicated by the thick line. As the degree of mismatch between
stimuli increases, the mismatch negativity also increases. (The
magnitude of the difference between standard and deviant ERPs
increases.) (Copyright 1987, The Society for Psychophysiological
Research. Adapted with permission of the author and publisher

from Naatanen & Picton, 1987.)

Figure 15. ERPs elicited by "isolated" words that were
later recalled (solid line) or not-recalled (dashed line). The
left column shows ERPs for subjects who used rote mnemonic
strategies; the right column shows ERPs for subjects who used
elaborative strategies. Note that the amplitude of P300 is
related to subsequent recall for the rote memorizers, but not for
elaborators. (Copyright 1986, Elsevier Science Publishers.
Reprinted with permission of the publisher from Karis, Fabiani, &

Donchin, 1986b.)

Figure 16. The effects of anomalous sentence endings on the
N400. The ERPs (from Pz) depicted in the figure were recorded
following visual presentation of words that varied in their
relationship to the previous words in the sentence. For example,

for sentences such as "The pizza was too hot to ...", three
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endings were possible. Best completion: "eat"; Related anomaly:
"drink"; Unrelated anomaly: "cry". Note that the N400 component
is only present for anomalies, and is larger for unrelated than
for related anomalies. (Copyright 1984, Lawrence Erlbaun
Publishers. Adapted with permission of the author and publisher

from Kutas, Lindamood, & Hillyard, 1984.)
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Theory in cognitive psychophysiology’

Michael G. H. Coles, Gabriele Gratton, & William J. Gehring

Coghitive Psychophysiology Laboratory, University of liinois

Keywords: theory, psychophysiology, cognitive psychophysiology, event-related potentials.

1. latroduction

s paper we shall contine our attention to
the role ot theory i cogmitive psychophysiolo-
v The basic assumpuion ot the cognitive
psvchophysiofogical approach s that cognitive
ity samplemented in the nervous system
Svomcans ot physiological changes. Given this
ssamption, 1t s possible that o variety of
osvebophyvsiological measures may prove use-
Lo the eaplotation of cognitive funcuon.
Floawever, we shall tocus our attention on
casures of the event-related bruin potental
I REPY tror an example ot another physiologic-

vary. In seeking to account for output variabul-
ity we propose that the psychophysiologcal
measures are sensitive to particular aspects ot
human information processing (the interven-
ing processes’ mentioned above) It s our
working hypothesis that the trudivonal mea-
sures of behuvioral output depend on a lurger
set of processes than do particular psychophy-
siological measures. Thus, psychophysiological
measures should enable us to localize the
source of output variability. We should empha-
size that, while our strategy has been to try 0
account for behaviorul output, our primury

interest is more general—that is, we want to
know how the information processing system
works.

Note that in the preceding paragraph. we
have explicitly made o number ot theoretical
assumptions.  We uadopted  the  ‘computer
metaphor” and assumed that human behavior.,
in response to a stimulus. is determined by the
activities of several intervening processes. The
number. nature, and mode of mteraction ot
these Intervening processes were not specitied.
However, different  theories  in cognitive
psychology provide a variety of alternative.
competing specifications which cun be used
both to guide, and be tested by, rescurch
cognitive psychophysiology. We will now re-
view these “guidance’ functions of cognitive
theory.

dosastem see van der Molen. Somsen. &
Chebehe. TUSY)
Wi hoae argued previously (see. for exam-
Codes X Gratton, TYSS, 1986 Donchin,
Cos N Grnatton, 1984 and see also Donchin,
o that cognitive psychophysiology repre-
fot attapt o understand human copni-
“onction o which radivonal cognitive”
el treacion time, error rate, ¢te.) are
teoniad by psychophysiological measures,
“coaiy oo understand human cognitive
Coeowe adopt oo general anformation
<2 coneeption. inowhich e particular
tenverad output, tollowmg some input,
Sled o the activities of vunous
Sptacesses  Given this frumework
woonousatul tootry oo account tor
oo behavioral output interms of
o osubset of the intenvening
Sutput sariability may be observed
cot ostunalus condition). state. subject
Sl ave or subject strategy

I1. The role of theory
In claiming that psychophysiological measures

A sapperied by rrant oms NIMH OMBE TS ) and by AFOSR contract FAUo20-83-0143 1o Dt Al breglh.
v

e sappotiod Bya Sational Sacnee Foundation Graduate Fellowstup The wdeas prosented i this article

st st ot calleagues over apeniod ol sesaral years, and ose much 1o e Dt of the Cogniting
Db el Dondun

Wb mtorpretod s shagos in disaicte serial maodels of itoramation processing teog Sanduers, 19801 As will
AL e e tacessandy Wil o subsanibe 1o a particalar siew ol the way in which clemaents of the inlormatem
' st the oot aeuttal torm processes’” tuther than “stages” to reler o the activiies that transpare

veor o see b Danadh Sccr Champangn, T o200 USA

———— ——
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Then  we observe the cttedts ot those man L Physiological data
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Measures ot ove - behavior are tahen a0 sigmiticance ot our psschophysiologica e
mampulation chedk Iowe observe that Paon sure Ina sense. we have doesanined the

Litenoy v mtlucnced by the compleaty man
tpulation. but not by the compatibihity. man
ipulation (while reaction nime s attected by
hoth  mampulations), mter that PRon
Latenay s refated to snmulus evaluation me

W

(Magheros Bashore, Coles, & Donchin 1usd
MoCarthy & Donchin, 1uxl)
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validabion process used to justity the asanption
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However the measure is.atter all o measure
ot physiological tunction How the
physiological status o the measure interact
with its psychological stutus’

First. we saould point out that ascuiption ot
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BEHAVIORAL AND BRAIN SCIENCES FINAL DRAFT FOP. COMMENTATORS
No further alteracions to be made
excent for cypographical errors.
e would be grateful if commencacors
poinced these out separacely.)

PRECOMMENTARY ON VERLAGER'S CRITIQUE OF
THE CONTEXT UPDATING MODEL

‘ Is the P300 componenent a manifestation of context updating?

Emanuel Donchin and Michael G.H. Coles
Cognitive Psychoohysiology Laboratory
University of Illinois at Urbana-Champaign
603 Zast Danifel Street
Champaign IL 61820

ABSTRACT: To understand the endogenous components of the ERP we
must use data about the information processing function of the
underlying brain activity. These hypotheses in turn generate
testable sredictions about the consequences of the component. We
review the application of this approach to the analysis of the

] P300 component, whose amplitude is controlled multiplicatively by
the subjective probablity and the task relevance of the eliciting
events and wvhose latency depends on the duration of stimulus
evaluation. These and other factors suggest that the P300 (s a
manifestation of activity occuring whenever one's model of the
environment must be revised. Tests of three predictions based on
this "context updating" model are reviewed. Verleger's critique
ts based on a misconstrual of the model as well as on a partial
and misleading reading of the relevant literature.

© 1987 Cambridge University Press




1. Introduction

In the Forward to his "New Essays on the Psychology of Ar,” Amheim (1986) makes the following
observadon,

"Ardcles in professional journals profit from a permanence of their own, albeit one ted to the
tdme of publicadon, A discipline grows like a wee, one on which the functon of every new
twig is determined by its place in the whole. Each conaibution justifies itself by addressing a
quesdon that the profession has put on the agenda at that gme.”
[t would have been useful if this view had guided Verleger (target article, this issue) as he reviewed
the literarure on the P300 component of the Event Related Brain Potendal (ERP). Verieger oeats
the body of publicatons concerned with the P300 as if it had all been created simultaneously. He
singles out selectve pieces of writing originating from different historical contexts to paich together
the theory he advocates while launching a rather sharp artack on two versions of "context updating,”
which he atmributes 10 Donchin and his colleagues. However, neither of these versions is a valid or
even a reasonable approximation to our ideas. The independence of his discussion from the histori-

cal context may be what makes it so difficult for Verleger  see how inaccurately he represents our
views.

One example will illustrate the inadequacy of Verleger's survey of the literature. Invesdgators of the
P300 are keenly aware that at least two atributes of the component - its latency and its amplitude -
must be measured in any study. Furthermore, it is clear that the amplitude and the lateacy are each
atfected by somewhat different experimental manipulations and that the variance in amplitude and
the variance in latency present rather different theoredcal challenges. A substantal literature has
accumulated since Riner, Simson and Vaughan (1972) published the first systemaric study of the
reladonship berween the lateacy of the P300 and reaction tme (RT). Indeed, our account of the
funcdonal significance of the P300, which Verleger labels the "context updaring” model, evolved in

part from an atempt (0 account for the seemingly counterintuitve dissociaton between P300
latency and RT.

[t makes little sense, therefore, (o examine the context updating hypothesis devoding as lintle anen-
ton as Verleger does to the latency of P300. His concentration on the variance in P300 amplitude
and his decision to interpret the words "working memory" and “expectancy” in the narrowest
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possible sense creates two straw men. These are then subjected to vigorous criticism in an ostensible
refutarion of our model. It should be pointed out that not only is Verleger amacking the wrong
models, his amempted critique is weakened by his reaunent of empirical data. Imporrant segments
of the literature are ignored (the literature on P300 latency is but one example). When data are dis-
cussed, Verleger offers specularive interpretations that merely serve to fit his preconcepdons.

This precommentary begins with a review of the explanatory tasks an ERP investigator must under-
take at different phases of the investigadon. We then present our own view of the "context updating”
model, reviewing the data on which we base this view as we proceed. Where appropriate, we also
comment on Verleger's interpretadons of the data. We have devoted a portion of this precommen-
@ary 1o a metatheoretcal discussion of our approach to the study of ERP componeats.

2. The Endogenous Components of the ERP

2.1. Some general remarks on ERPs

The applicarion of signal averaging methodology to the study of brain actvity which is time locked
w specific events made possible the study of event related brain potendals (ERPs) in awake behav-
ing human subjects. ERPs are records of the actvity of neuronal ensembles activated in a fixed tem-
poral reladon to an event whose time of occurrence can be made known to a computer and whose
geomety allows their individual fields to summate and generate a field large enough to be record-
able from the scalp. (For a discussion of the biophysical and neurophysiological basis of research
on the ERP see Allison 1984; Allison, Wood and McCarthy 1986; Nunez 1981.)

The ERP leaves much to be desired as a window on the brain. The neurophysiological significance
of the fields is a marner of conaoversy. The specific inracranial sources that generate the potendals
are, in the main, unknown. Furthermore, it is quite possible that the neuronal ensembles whose
activity is recorded in this fashion do not constitute distinct and unique neurvanatomical entities
(Allison et al 1986, are particularly eloquent on the deficiencies of ERPs as measures of brain
actvity). Nonetheless, ERPs have been studied with vigor for the past two decades and have
engaged the interest of many investigatwors. This interest is driven by the one advantage the ERP has
over other manifestadons of brain activity, namely, that it can be measured in the awake, behaving
human. The recordings can be done without recourse to invasive procedures and at a relatively low
cost. The work has also received considerable momentum from the fact that such recordings are
highly sensidve 10 a host of experimental manipulations. Whether one varies the physical parame-
ters of the stimulation, the class of subjects used or the cognitive operations the subjects apply to the
eliciting events, the ERPs show patterns that are stable in and between individuals and occasions.
This stability of partern in the ERP has proved useful in the development of various diagnostic pro-
cedures in neurology, audiology and psychiarry, (e. g. Cracco and Bodis-Wollner 1986). However,
in this precommentary we will focus on the possibilities and problems that arise when one actempts
to use ERPs as tools in the study of cognirive function.

In the middle 60s it became apparent that the ERPs contain "endogenous” components whose vari-
ance appears to be relarively insensitive to the physical aributes of stimuli. In fact, the eliciting
event need not even be a physical stimulus (Sutton, Tuedng, Zubir and John 1967). Endogenous
components are sensitive to variation in the information processing activities imposed on the subject
by the assigned tasks (see Donchin, Ritter and McCallum 1978, for a discussion of the distinction
between exogenous and endogenous compoaents).

2.2. Classes of Psychophysiological assertions

Both Verleger's target article and this precommentary are concerned with an endogenous com-
ponent which was first described by Sumton, Braren, Zubin and John (1965) who reported that
sdmuli which "resolve the subject’s uncertainty” elicit an ERP characterized by a large positive
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component, with a latency to the peak of about 300 msec, which will be referred to here as the
P300.! The enterprisc launched by Suton has yielded considerable informadon about the P3002.
An examinadon of the literanmre reveals that invesugators concerned with the P300 make assertons
which can be classified into one of the following categories.

2.2.1. Statements about antecedent conditions

These are statements about the functional relatonships between various arributes of the P300, such
as its amplinude and latency, and assoried independent variables. For example, the claim that the
amplitude of P300 is inversely proportonal o the subjecdve probability of the eliciting events,
given constraints on the @ask relevance of the eveats, is a statzement about the conditions antecedent
to the elicitation of the P300. The antecedent conditions of the P300 have been studied in detail and
there is enough consensual dam to support a substantial number of statements about its antecedent
condidons. (For detailed reviews of the relevant literature see Pritchard, 1981; Johnson, in press).

Such statements are necessary precursors of a theory of the P300. However, a collecdon of such
statements does not constitute an adequate theory.

2.2.2. Statements about Applications

Even though statements about antecedent conditioas are not a theory of the P300, they can serve as
the basis for an application of the P300 in some domain of human action where a measurable index
of some construct or variable is needed. Thus, for example, the observation that P300 latency
depends on processing time has led w0 the suggesdon that P300 latency may discriminate the
demented from the depressed (Goodin, Squires and Starr 1978). The validity of this diagnostic use
of the P300 depends solely on empirically demonstrable diagnostic power and does not require a
theoretical understanding of the compoaent, its arigin or its functional significance. Similarly, the
fact that P300 amplitude reflects the subject’s focus on one of several concurrently assigned tasks
makes it possible 10 use it as a measure of "mental workload" (Donchin, Kramer and Wickens
1986a). From an applied perspective such assertions are quite useful. However, they treat the ERP
component as an index and do not necessarily shed light on its functional significance.

2.2.3. Generalizations about antecedent conditions

Several investigators have aempted to integrate the many empirical siatements about the diverse
independent variables which affect the P300 into a coherent statement that will idendfy the com-
monality among these statements. [t is generally assumed that the diversity of effects is decepuve
and that there is a common denominator to the various conditions under which the P300 is elicited
It would clearly be useful to have such 2 generalizarion so that one could predict the specific effec:
of any given manipulation on P300. This approach is illustrated by Johnson's (1986) proposal tha:
the amplitude of P300 is controlled by an additive and multiplicative relationship berween several
variables. The interpretation advocated by Verleger, namely, that "P3s are evoked by stimuli which
are awaited when subjects are dealing with repetitive, highly sauctured tasks” coastitutes another
such generalization about the antecedent coaditions of P300. Even though such generalizations are

! Components of the ERP are labeled by a letier indicasing polarity and a number indicating their modal latency
However, other nomenciansres exist and this very same component may be labeled P3 by some sathors, including Ver
leger. and P3b by others.

1 In keeping with the usage in Verleger's trge: anticle we will ignore the controversy regarding “multiple posidvi
tes.” nhm@ﬂunwﬂaydwm&n%mmwmﬂymmm“
by P300, although the ardor with wiich this proposition is embraced varies across laboratories. However, a P300-lk
mmappaumﬂm'smmadmmwkhmmhmmm“&mnmhw
precommentary.
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valuable (and necessary precursors o a theory), they leave the funcdonal significance of the P300
unexplained.

22.4. Hypotheses about functional significance

When we refer to the "functional significance” of the P300 we imply that the potendals recorded
from the scalp, to which we refer as the P300, are manifestations of the intracranial acdyvity of a
specific functonal endry. As we have noted elsewhere (Doachin, Karis, Bashore, Coles and Grarton
1986Db), it is not necessary that the brain actvity recorded as the P300 originate in a single ingracra-
nial "source.” Nor is it necessary that the neuronal ensembles whose activity contributes to the P300
be associated with a single neurcanatomical endry. Many brain sguctures may be involved and
several “sources” (in the sense of specific dipoles) may contribute to the component. All thar is
necessary is that this variety of neuronal acdvides that participate in a specifiable informadon pro-
cessing task have the geomerry and temporal characteristcs so that they contribute to the P300. The
uldmate goal of a theory of P300 is, we suggest, the elucidation of the nature of this task.

The brain is evidently an organ whose large variety of activides can be described in neurophysiolog-
ical terms. There is no queston that the uldmate understanding of the brain must include the
detailed explicadon of its functioning as a mechanism consaucted of neurons. However, this neu-
ronal machine is an informadon processing device and the myriad of biochemical interactoas that it
pertorms must accomplish tasks that can be described in informadon processing terms. The level of
resoludon one adopts to describe the brain is dictated by one's purpose. No level is inherentdy more
interesting or more valid than other levels; each descripdve der is optimal for some purposes and

quite the opposite for others. We choose, in the present context to focus on descripdons described
strictly in informadon processing terms.

2.2.4.1. The Whirring Noise analogy

Within this framework we view the P300 as a surface manifestation of an internal information pro-
cessing operadon. As theorists our goal is to infer the nature of that underlying processing. Hence
statements about the antecedent conditons of the component do not serve our purpose; they merely
tell us what needs to happen outside the system to call forth the activation of the component That,

however, fails to explain what the brain is actually doing, functionally speaking, when the com-
ponent is active.

An example may help. Assume you have a computer that always makes a whirring noise whea
acdvated. One may find out that to observe the whirring noise a computer must be artached 10 a
power source, that it must be equipped with a diskente drive and that a diskene must be loaded into
the drive. We also note that the whirring noise is generated whenever the computer has been reset
following a sufficiently serious error. These and other such statements are collectively a descriptdon
of the antecedent condidons for that whirring noise. However, none of these individually, or all
wgether, account for the whirring noise in a sadsfactory manner because none specifies the purpose
of the process from which the noise emanates.” Through an accumulaton of such antecedent condi-
dons we may conclude that the whirring noise is heard whenever there appears (o be a need for addi-
tonal data not immediately available in the computer's memory. This will remain a statement about
the antecedent conditions because it stll does not suggest what is the function of the process mani-
fested by the noise. One may however, after appropriate research, infer that the whirring noise is
generated whenever data must be transmitted between the computer's memory and an external

3 Note the distinction besween the finction of the noise itself of which there is none and the function of the process
generating the noise as a byproduct. This is an apt analogy W the ERP as we are not claiming any funciional significance
0 the poentials we record on the scalp. Rather, we assume that what we record are byproducts of the activasion of
processes which do have functional significance.




storage device. The noise is generated by a process invoked in the course of this daaa ansmission.
namely, when the mechanical device used to whiri the diskente around, or w0 move the reading head
about, is acuve. These are stazements about the functional significance of the process manifested by
the noise. The process is very specific. The activadon of the diskette motors is performed in the
service of data transmission between the CPU and the diskette. It has an actual effect on the systemn
only if other component processes are activated but its own functional significance can be described.
10 an exment, without reference to these other processes. Furthermore, it will mumm out that whereas
we can bring about this whirring noise whenever we boot the computer, there are many other occa-
sions that have linde functional similarity to the specifics of staring the computer’s day which also
cause the whirring noise to appear because ill these diverse processes share a need to access the
diskerte, they all acdvate the motor and all acuvations generate the same whirring noise.

This analogy illustrates a distnction that appears not to have been made clearly enough in our previ-
ous writings. Note that the noise is a manifestation of an information processing operation involving
the mansmission of the data from a device called a diskette into memory. However, the generator of
the noise - namely, the actions of the motor - is not itself necessary for the ransmission of the infor-
madon. Thus, for example, it is possible to simulate a2 diskente in memory. No whirring noise will
be generated when the computer exchanges data with these memory-based simulated diskettes. In
other words, under a specific set of circumstances one can obtain an external manifestation of an
informadon processing operation because the side effects of some ancillary process are observable.
This side effect, or the ancillary process which it manifests, is not identical with the totality of the
informagon processing operaton, it merely makes it observable. This disuncdon is imporant
because Verieger's interpretation of our model is that the P300 is a manifestation of the updating
process per s¢ whereas we have mied carefully to assert that it is a manifestatdon of a process
invoked in the sexvice of the updaring process, not necessarily the updatdng per se.

We view the P300, and all ERP components, much the same way we view the whirring noise in the
foregoing example. We assume that the component is generated as a byproduct of the activadon of a
neural process whose function is the ransformation of information, A satisfactory explanagon of the
component will, accordingly, describe the specific processes executed by the actvity of which the
component is a manifestaton rather than by describing what it takes to generate the compoanent, or
to contol its arributes. Note that neither of Verleger's construals of our view, his “Update” and his
"Expect,” satisfies this conditon. Both purport 10 specify the rather limited condidons under which a
P300 can be elicited but neither specifies its functional significance. “Context updating” as we inter-
pret it aempts to identify a specific type of cognitive process which underlies the P300.

2.3. The Coacept of 'Psychological Processes?’

2.3.1. Introductory remarks.

Verleger begins his mrget artcle by promising to “clarify what psychological process is associated
with the P300 component.” His clarification coasists of the suggestion that
"P3s are evoked by stimuli which are awaited when subjects are dealing with repetitive, highly
structured, tasks. Effects on P3 can be modeled by four parameters: (1) Whether or not stimuli
march the expectancy for closing eveats. (2) The number of open epochs. (3) The degree of
capacity invested in the epoch (positive correlation) (4) The degree of processing required by
the simulus. (negative correlation) (p. 2)."
This hardly seems to be the description of a psychological process as one ordinarily understands the
term. Verleger is not alone in using "psychological process” so loosely. There have been many
claims in the literarure associating P300, and other ERP components, with various psychological
concepts. The efforts range from idendfying a descripdon of antecedent conditions with psychologi-
cal concepts to rather grandiose antempts to associate P300 with such global concepts as “aaendon
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or "memory.” It is important 0 be precise in describing such associations, in partcular with regard
to the level of the concepts used.

2.32. The hierarchy of concepts

There is a hierarchy of descriptors of psychological processes and we claim that ERPs are manifes-
ratons of activides related 1o an elementary level in this hierarchy. Descriptors of the highest level
are terms such as modvaton, emodon, memory and learning. These terms, indubitably psychologi-
cal, describe broad categories of interactons between the organism and the environment The
instandadon of any such functdon may call forth a diverse set of informadon processing actvides.
These functions may accordingly require the activadon of such "psychological” processes as
“choice,” "recall,” "decision,” or “discriminatdon.” Such descriptors refer to specific information-
processing functdons each of which can be marwilled in the service of one or another of the func-
dons described at the higher levels. Funcdons at the second level of the hierarchy require, in tum,
the use of more elementary functons such as "encoding” or "mismatch detecton.” Descripdve
terms at all levels of the hierarchy refer to “psychological” processes.

A computer analogy may clarify the distinction* Assume that one can examine all the programs in a
computer system over a period. It is clear that these programs can be classified into different
categories such as: accoundng packages, games, word processors, statistical programs, and so on.
This is a level of descriptdon that focuses on the functon of the programs, the goals of the system as
it interacts with the user or the world. At this level of descripdon all word processing programs can
be considered equivalent even though they may be quite different in their detils,

Computer programs can also be discussed in a way that cuts across these goal oriented descriptons.
A lower level describes the functions that must be executed in the system - with no necessary com-
mimmnent to implementadon. As illustradons consider: acquire data, store data, detect errors, back up
data, invent maumix or produce graphic displays. The important point is that this class and the one just
above it are not congruent. That is, each of the higher levels uses subsystems of the lower kind.
Thus data may be acquired to subserve "accounting” or "data management” The descripdons that
focus on the system'’s goals are orthogonal to the descripdons that focus on the acdons the system
must perform to accomplish those goals. This is even auer for a sull lower descripdve level refer-
ring w operadons at the implementadonal level (e.g. move index register [ to the accumulator, or

release all /O channels). [See also Anderson: "Methodologies for Studying Human Knowledge”
BBS 10(3) 1987.]

The analogy extends to descriptors of psychological processes in that there are descriptors that refer
10 the general class of goals used by the system. "artention” "memory” "love” and so forth are in this
sense analogous to "accounting programs.” At a lower level we have "psychological processes”
such as "encoding” and at an even lower level we may have clementary information processing
operatons. It is not clear w which category of processes Verleger refers when he speaks of "psycho-
logical processes.” It would seem, from his use of the term “expectancy,” that he is referring to
"psychological processes” at the highest level of the hierarchy. Yet the data on the endogenous com-
ponents of the ERP suggest that they are “related” to processes that are describable at an elementary
level of the hierarchy just discussed. Thus, we are not trying to "correlate” a brain wave with a high
level psychological process, as implied for example by Churchland (1986), but rather to ask whether
the brain wave, viewed as the scalp manifestadon of informadon processing, does indeed behave in
the way the byproduct of such a processor would behave, given certain manipulacons.

4 For those wha are skeptical about analogies 10 COMPpuLErs we note that we are using this comparison merely 0 illus-
trate the use of different descripuive levels when discussing an informadon processing system.
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[t may be argued thar the study of byproducts is of no inherent interest. This is a shortsighted view.
We suggest that as long as there is a valid relation between the process of interest and its measurable
byproducts, what marters is the degree to which the measurements can be placed at the service of
interestng theoredcal quesdons. Consider, for example, the elecoorednogram (ERG). Although
clearly the byproduct of an ancillary process, the ERG is evidenty a manifestaton of the actvation
of the redna. The functon it manifests is the processing of the light parterns that fall on the redna. It
is thus a cridcal component of the visual system. One may find, upoa study, that ERGs are elicited
when one directs one’s gaze with love at one rarget and with hate at another. This does not mean
that the ERG is "psychologically meaningless.” It means rather that the psychological process mani-
fested by the ERG is more clementary than “love” and “hate” in the sense that the functon in which
it pardcipates, namely, “vision,” may be involved in both of these higher level psychological
processes.

We have examined in detail the namure of the eaterprise in which we are engaged as we theorize
about the P300 because Verleger is attributng to us an agenda we eschew. This error distorts his
reading of the literarure and focuses his anenton on trivialities. He seems to be persuaded that the
sk we have underuaken is to idenafy a high level concept such as “surprise” or 'expectancy” or
“memory” with the components. He then seeks out evidence that would be relevant 10 the demons-
wagons he feels we ought to be conductng. He then amacks the validity of the evidence, thereby
missing the most important corollary of the emphasis on the search for the funcdonal significance of

the component, namely, the emphasis on the coasequences of the component rather than on its
antecedents.

2.4. The search for consequences

The concern with the consequences of ERP components is a crucial distincdon berween our
approach and Verleger's. The issue concerns the process by which one validates theoredcal asser-
dons about an ERP component. It would appear that for Verleger the prime criterion for evaluadng a
theory is the post-hoc plausibility of the generalizarions one makes about the antecedent condidons.
This is evident from his treatment of (his construal of) the context updating model and from the way

he supports his own model. Consider, for example, his ceamnent of the "Update” model, which he
summarizes as follows:

"Each samulus has its represenaton (‘trace’) in working memory, which decays over tme.
After sumulus evaluaton, the oace of the presented stumulus is updated to its optimal upper-
limit value and it is this updadng that is reflected by P3. If the most recent preseatation of the
present stimulus was not too long ago, then the amount of updating required is small, and so is
P3. But, if that presentation was not oo recent, thea the amount of updating, and likewise the
P3, has w be larger.” (p. 4)

Ignore for the moment the fact that we have never implied that the P300 is a manifestation of the

updating of specific memory traces. It is interesting to examinc how Verleger evaluases the evi-

dence he sees as relevant to this version of context updaring.

Verleger accepts two studies as "direct wess” of the hypothesis. In one, Klein, Coles and Donchin

(1984) reported thas subjects with perfect pitch do not produce a P300 in an auditory oddball’ task.

5 The term “oddball® applies o all tasks which satisfy the following conditions: (s) The subject is presented with 3
series of evenw, where “event® can be defined in a complex and absract manner a3 long as the subject csa distinguish
one event from another. (b) A clasnificanon rule is defined which camegarizes each of the evens inw one of two
categones. (c) The subject is assigned a task whose performance depends om applying the categorization ruls (0 the
evenus. (d) Evenss in the two categories are chosen at random, that is, ey conssitute a Bernoulli sequence. [n general, 2
mcondin'mmmmwy.mmmduamwuwymmmg
the ower category. Lt is this focus on the rancy of one class of events that gave the paradigm its label ("oddball.”) And, in
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The other is the series of studies of the von Restorff effect published by Karis, Fabiani and Donchin
(1984), and Fabiani, Karis and Donchin (1986). It is instructve to note the discrepancy between the
actual reports of these studies and the way they are described by Verleger. Of the Klein et al smudy
Verleger says that the investigators "presented two go/no-go tasks to control subjects and to music
students who could identify the absolute pitches of tones (p. 5)" It is not merely a quibble to point
out that Verleger's implication thas the contmol subjects were not music studeats is not consistent
with the report by Klein et al that "All subjects were students of music at the University of Olinois
(p. 1306)" Neither is it a quibble to note that the subject’s self report of their ability to make abso-
lute judgments of pitch was not the sole criterion for the results reported. In fact, all subjects were
tested for their ability to name tones. The amplitude of the P300 was negatively correlated (r = -.63)
with their actual performance on the Lockhead and Byrd test (1981) regardless of their self percep-
don of their skill as perceivers of absolute pitch. These correlations are presented in Table I of Klein
et al (page 1306). Of course, had Verleger not ignored these crucial details, he might have been less
inclined to propose that Klein et al’s results can be explained by a difference in motivation between
control subjects and AP subjects ("who probably knew that they were selected because of their spe-

cial skills. (p. 3))" It should be noted that Ebner, Schuzz and Lucking (1986) report a successful
replicadon of the Klein et al. study.

Verleger’s presenaton of Karis et al’s and Fabiani et al’s findings is similarly inaccurate. The focus
of the study by Karis et al was the reladon berween the amplitude of P300 and recall in the context
of the Von Reswrff paradigm. The interesting aspect of the paradigm is that a subject is not
presented merely with a "list of words,"” as Verleger states it, but rather with a list of words some of
whose members are deviant from the rest of the list. The recall of such "isolates” is enhanced, as
reported by voan Restorff (1933). Karis et al’s abstract describes the actual results as follows:

“there were swong relationships betweea the Von RestorfT effect, over all recall performance,
mnemonic strategies, and the association between components of the ERP and recall perfor-
mance. The overall recall performance of subjects who reported simple (rote) sorategies was
low, but they showed a high Von Restorff effect. For these subjects the amplitude of P300 eli-
cited by words during inital presentaton predicted later recall. In contrast, subjects who
reported complex mnemonic strategies remembered a high perceanage of words and did not

show a von Restorff effect. For these subjects P300 did not predict later recall, although a
'slow wave' component of the ERP did (p. 177)."

This partern of results provides striking support for the "context updating” model as we construe it
It is conceivable that others, Verleger included, will not be as persuaded as we sre by these data, but
it would seem incumbent on anyoane commendng on the study to consider the data as reported rather
than a rather selectve and inaccurate simplification.

We will recurn to the specifics of these studies later as we examine the evidence for the context
updating model. However, we note here that in his analysis of what he calls "direct evidence® for
"Update,” Verleger is primarily concerned with the degree to which the studies demonstrate that
manipulations of "working memory traces” affect the P300. This tendency is even more apparent in
his discussion of the "indirect evidence.” Verleger enumerates a series of topics relating to changes
in P300 amplitudes in different experimental conditions. Thus he notes, inter alia, that "Sequence
effects are flexible,” and that "Probability might affect P3 independently of sequegce” or that "There
is a rrget effect.” All these assertiras are correct enough. As a substandal portion of the data base
he adduces derives from work conducted in our laboratory we are quite content to accept the vali-
dity of the empirical claims. But, unlike Verleger, we find all these dar coasistent with the context

general, the rarer the event, the larger the P300 it elicits (Duncan Johnson and Doachin 1977). However, i has been
known for some time that rarity is neither necessary nar sufficient o elicit a P300. (See Fabiani, Granon, Karis and Doo-
chin (in press), for 3 review of the paradigms used in P300 experiments.)
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updaring model as we construe it We would not adduce them as conclusive evidence for the model,
however, because the data cited by Verleger invanably involve statements abouc the antecedent con-
didons, and the reladons of these o the theory is necessarily post-hoc.

The strucrure of Verieger's argument appears to be the following. A model of the information pro-
cessing system is constructed in the form of a block diagram (see Verieger's Fig 2, p. 4). The data
on P300 are than considered and an associadon between the P300 and some element in the (essen-
dally smuctural) model is derived. The data considered in forming the association between the
model and tne P300 are assertions about antecedent conditons. In this phase of theorizing one seeks
a plausible account of the known data which would integrate them as fully as possible in a reason-
able model of the human informaron processing system. This is fine, except that it is endrely circu-
lar for data that were used in forming the model 10 serve as evidence for the model. After all, if the
model was created because it provided a plausible account of the antecedent condidons then any

assessment of the model against these data tests nothing more than the theorist’s flair for plausible
sost hoc explanadons.

Theory in psychophysiology, to the extent that it venmures ideas about the functional significance of
a component, must scek its validadon in its predictive power rather than in its post-hoc plausibility.
This predictive power can be tested because assertions about the functional significance of com-
ponents ought (o generate testable predictons about the consequences of the components. Posner
appears (o have been the first to note the need to focus on "consequences” in psychophysiological
theory. In the proceedings of a conference held in 1973, he is quoted as remarking (in speaking of
the P300) that "We shouid be able to describe the consequences of is use” (McCallum and Knon
1976, p. 224). The concept of the "consequences’ of the use of an ERP component derives from

viewing the component as a manifestation of an clementary processing functon. As Donchin et al
(1986Db) put ic

"We assume that the consistency displayed by an ERP compoanent in its reladon 0 experimen-
tal manipulations is due to the fact that the activity it manifests is generated by the invocadon
of a distinct component of the informatdon-processing sysiem. A description of the component
- if it is 10 bear meaning for the cognidve scientst - must idendfy the ransformations that the
algorithmic component, or the "subroudne” performs. (p. 247)"
The metaphor of the "subroutine” is important here. Subroutnes (these days the metaphor of choice
might have been the "procedure” or “production”) are information processing endties that can per-
form a functon in the service of a diverse array of higher level programs. The programs calling the
subroutine may bear no resemblance to each other except that at one time or another they require the
service pertormed by the subroutine. The interpreation of P300 as a "general purpose processor” by
Donchin, Kubovy, Kutas, Johnson, and Herning (1973) was an aempt (o cope with the bewildering
diversity of circumstances in which the P300 can be elicited.® By 1973 a pardal listing of the cir-
cumstances under which P300 can be elicited would have included stimuli that resolve uncenainty
(Sutton et al 1965); stimuli that are task relevant (Donchin and Cohen 1967); subsets of sumuli used
in a signal detection paradigm (Hillyard, Squires, Bauer and Lindsey 1971), or any first simulus in 2

6 Donchin e al (1973) used the following words * In view of the diversity of the P300 function that our dama reveal,
it seemns that 3 ressonable approximation is (0 assume that P00 reflects the activity of 3 general-parpose processor
which is invoked on demand by 2 host of data processing requiremeacs. (p. 322).° This formalation sppears o have
confused 2 number of authors who inserpresed us 0 be saying thas P300 is a gencralized processar with 0o specific func-
uoa.mmw.mmummm'mﬂm'hwunnwnm;mm
waaemp&mmmhﬂya&ﬁuvﬂhqﬂuawﬂcMMMM.M:W‘_«
mduwwmmmmmmmmmuwmwuqmmw
processing of informacon camied by light Yet it is a Quite general device, in the sense that it can be used 10 look at,
look for or ook after whalgver it is that the persoa’s Mk requises at the time.
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series, even if it carries no significance (Ritter, Vaughan, and Costa 1968).

Much of the theoredcal effort at the dme was directed at indentifying an overarching concept that
would subsume this broad range of conditions. The task has proven unwieldy and virtually every
anempt to solve the problem has left part of the observatons unexplained. It was in this context that
Donchin et al (1973) suggested that rather than calling for an explanatory concept at the highest
level of the hierarchy of concepts it may be useful to assume that the P300 is a manifestatdon of an
endry whose place in the hierarchy is much lower; this would be consistent with its apparent mul-
upurpose nature.

Informadon processors are defined by the transformations they perform on informadon. They have
inputs and ourputs and their functonal descripdon must specify the wansformaton that has been
applied to the input to generate the output. This is the descripdon we seek of the processes underly-
ing ERP components. It is critcal o understand that the ERP itself is not the output of that process.
Like the whirring noise in our previous example, the ERP is a byproduct of the acuvity of the pro-
cessor which we can use as an index. The implicadons of the view that the ERP is not the principal
ourput of the processor underlying it were stated by Donchin et al (1986) as follows:

“If the ERP is not the critical ourput of the subroutine, then it is clear that a descripdon of the
reladonship between the variables that contol artributes of the subroutine can not in itself con-
satute an adequate descripdon of the subroutne. The mansformatons we seek to describe are
berween the proper inputs and the proper outputs of the subroutne. Therefore the study of the
antecedent condidons can only provide clues from which one must derive hypotheses regard-
ing the funcuonal significance of the roudne. These hypotheses must be stated in terms of the
effect the activaton of the subroutine has on the recipients of its ourput. Clearly, to be of value
the output of a processor must act as input to some other stage of the system. (p. 247)"

The emphasis on the study of the consequences of the component is a direct corollary of this
approach. If the ERP manifests an informaton processor and indexes its utilization, and if we have a
nodon of what the ransformations are which the processor performs, then we ought to be able to
predict what would happen after the acavadon of the processor as a function of its degree of actva-

non. The clearer our hypothesis about the component’s functon the clearer the predicdons and the
sharper the test of the model.

3. The Antecedent conditions for the P300

3.L Interim summary
To summarize the ideas presented thus far we note thar

(1) We assume that the P300 is a manifestation on the scalp of brain activiry that performs a
specific information processing functon. The actviry may occur in 2 number of different struc-
tures concurrendy, in a complex pattern.

(2) We assume that the brain actviry in question implements some transformation on information
that can be described in terms of a model of human information processing (a “cognitive”
model). The P300 may well be the byproduct of a process ancillary to the underlying functon.
Thus, there may be two distinct explanatory burdens, only one concerned with the pringipal
funcdon manifested by the processes of which the P300 is a component.

(3) Theorizing about an ERP component consists of specifying candidate functional roles
(specified as transformations of informaton). These theories must be able to predict the

“consequences” of an ERP component. The theories are tested by the degree to which these
predictioans are confirmed.

(4) There is, of course, the need 0 ensure that measures of the ERP components are reliable and
valid. This is a difficult but not an impossible task and in this precommentary we will assume
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that the methodological problems are swrmountable. For detailed discussions of the methodol-

ogy see Fabiam et al (in press), Coles, Granon, Kramer and Miller (1986), Glaser and Ruchkin
(1976).

(S) Hypotheses about the functonal role of the acdvity manifested by a component must be
denved from studies of its antecedent conditions. We will therefore begin our presentatioa of

the context updanng model with a review of what is known about the antecedent conditions of
the P300. *

3.2. Event Probability and the P300

3.2.1. On the difference between observation and interpretation

Two contradictory asseruons can be made. First, we note thar it is neither necessary nor sufficient
for an event to be the rare member of a msk-relevant Bernoulli sequence for it to elicit a P300. We
immediately note that this caveat notwithstanding, the evidence is overwhelming that in the main
the rarer the event the more likely it is to elicit a P300. Furthermore, the amplitude or the P300 eli-
cited by such rare events will be inversely related to the probability of the event. Both swements are
supported by a considerable body of data and both seem to be accepted by Verleger. A number of
authors have thoroughly documented the reladonship (for a recent review see Johnson, in press). It
would be userul, however. 10 comment on the way these data have accumulated with partcular
artendon to those aspects which relate w Verleger’s discussion of the role of "expectancy.”

One of the difficulties in assessing the effect of event prooability on the P300 is that investgators
have not always distunguished between statements about the manipulations which are directly under
the investigators’ control, and statements that interpret the manipulations in terms of psychological
constructs. The story is made even more complicated because, as Sunton (1969) has noted, it is how
subjects exercise their opdons :hat determines how fully the experimenter controls the independent
vaniables. The problem appeared with the very first paper in which the P300 was reported by Suzon
et al (1965). The results of that classic experiment are summarized by the assertion that P30Q is eli-
cited by sumuli which “resolve the subject’s uncerainty.” However, it is only inferred that the
subject’s "uncertainty’ was manipulated. What was directly under Sutton’s contol was the extent (o
which subjects were informed in advance which stimulus would be presented. Subjects were also
instructed to predict the next samulus. [t is enarely accurate, therefore, to report that “when sub-
jects are not informed in advance which of the two possible simuli will occur, and they have
predicted one or the other, the ultimate appearance of the event will elicit a P300."

It is plausible, but not self evident, that subjects were uncertain as to which sumulus would occur
and hence that the occurrence of the stimulus did resolve the unceruinty. However, a number of
assumpdons that go beyond a report of the investigator’'s actions are made when the concept of
“unceruainty” is invoked. It is assumed, for example, that the subjects do indeed monitor the series,
main@in a memory of their predictions, and anend ro the stimuli so that their uncertainty can be
resolved. Whether or not such assumpdons are valid depends on the effectiveness with which the
investigator has controlled the experimental environment. Furthermore, it is incumbeat on the inves-
tigator to provide evidence that such contol has been exercisud. (We do not question Sutton et al’s
interpretagion as they did exercise the necessary conwols.)

To the extent one reviews the relationship between P300 amplitude and specific experimental mani-
pulations, the pactern of results is consistent and replicable across many laboratorics. On the other
hand, when results are recast in terms of explanatory psychological coustructs such as "uncertinty,”
"surprise” or "expectancy,” controversy arises, and it does so largely because the constructs used are
not consensually defined. Verleger, for example, while accepting the validity of most relevant data,
proceeds (0 argue that it is not necessary that simuli be "unexpected” for them to elicit a P300. We
will examine the specifics of this argument. But, it would be useful to begin with an examination of




how the term “expectancy” was used by the Donchin and his colleagues.

3.2.2. Prior Probability and the P300

In a wide array of circumstances (though by no means in all), manipulating the probability of an
attended event (a “task relevant" event) will affect the amplitude of the P300 elicited by the event.
True, in their original experiments Surton’s group made the two events in the series equiprobable
and varied the informadon the subject had about the next event. However, Sutton used the phrase
“resoluton of uncerwainty” in the formal information-theoredc sense. There, resoludon of uncer-
winty is synonymous with "delivery of informadon,” and informadon is considered a function of the
probabilides of the different "messages.” Thus, it was natural to examine the effect that variaton of
the reladve probabilities of the events would have on P300 amplitude. In subsequent work (e.g Tuet-
ing, Surton and Zubin 1970; Friedman, Hakerem, Sutton and Fleiss 1973), the probability with
which events occurred was varied and the amplitude of the P300 was again shown to be inversely
related to the probability of the elicitng event. A paramewric study of the odd-ball paradigm by
Duncan-Johnson and Donchin (1977), using a larger number of probabilities, demonstrated 2 mono-
tonic, inverse, reladonship between P300 amplitude and sumulus probability. (See Donchin 1979,
and Surton 1979, for reports of the status of the issue as it stood in 1977, Campbell, Courchesne,

Picton and Squires, 1979, provide a review from a somewhat different vantage point which arrives
at the same conclusions.) :

2.3. The role of subjective probability

It is important to note, however, that in many of the studies considered relevant to the “probability”
or “expectancy” issue what is being conmolled is not the prior probability, defined by the sequence
generaang rules used by the experimenter, but rather the degree to which the event is likely from the
subject’s point of view. Horst, Johnson and Donchin (1980), for example, recorded the P300 while
subjects were engaged in a "paired associates” leamning task. In each series of trials the subject was
expected to learn which nonsense syllable (tradidonally labeled a CVC for Consonant-Vowel- Con-
sonant) must be produced in response w0 a CYC presented by the computer. On each mial the sub-
ject responded with a CVC and the computer thea indicated which CYC would have been the
correct response on thar ial. These feedback presentatons are referred to as the "response” CVCs
by Horst et al. The P300 elicited by these CYCs was their object of study.

As the pairings of the CVCs was endrely arbizary, the subject had to leamn the correct response by
observing the response CVCs. Inidally, the subject’s own responses were almost entirely erroncous,
but as the trials progressed, subjects did learn the pairings, and their responses became almost
endrely accurate. Thus, during the early phases of learning the response CVC almost always indi-
cated that the subject had erred, whereas in the laner stages the response almost always indicated
that the subject was right. Note that no partcular CVC was presented frequently, yet the absolute
probability of a given CVC did not predict its amplitude. One might be tempted to predict that the
P300 would vary with the degree 1o which the CVC indicated whether or not the subject had erred,
but this was not the case. It tumns out that the amplitude of the P300 was determined by the interac-

tion between the subject’s confidence in the correctness of the response and the actual outcome of
the mial.

Horst et al required the subjects to report their confidence before each response CVC appeared. The
confidence ratngs were analyzed in great detail and were normalized so that each §ubject's use of
the confidence scale was taken into account in the analysis. The results were summarized as follows:

"Our dawa indicate that the amplirude of the P300 elicited by the outcome and the subject’s
expectancy conceming this outcome. Neither confidence by itself nor whether the “response”
CVC confirmed or disconfirmed the subject’s three-letter response accounted for the variance
in P300. Rather, P300 amplitude depended on the degree to which the outcome of each trial
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was unexpected. The lower the subjective probability assigned to the outcome, the larger was
the elicited P300. These data thus srengthen the claim that P300 amplitude is dependent on the
subjecuve probabiliry associated with the ERP-eliciting event. (p. 483)"

Note that the term "unexpected” is defined operationally in terms of the discrepancy between the
subjects’ reports of their confidence and the actual outcome of the mial The observed relationship
between P300 amplitude and the interactive relationship between ouicome and confidence is an
empirical inding whose validity depends on how competenty the experiment was conducted. Once
we speak of "subjective probability,” which in the papers published by Doachin and his colleagues
between 1970 and 1980 was taken to be synonymous with “expectancy,” we enter the realm of
interpretaton. The term “expectancy” was defined by Squires, K.C., Wickens, C. D., Squires, NKX
and Donchin, E. (1976) as referring to a hypothedcal construct that accounted for their observation
that even though the probability of events predicted the amplitude of P300 when measured from the
ERP averaged over tmials, there was substandal variability in the amplitude across mials. Much of
this vaniance (78%) could be accounted for by assuming that P300 is an inverse function of "expec-
tancy" and that this expectancCy varies according to a three component model which combines an
exponentially decaying memory with the prior probability of events and with the etfect of alternat-
ing sequences. A cridcal implicadon of this model has been that it is the "subjective” rather than the
pnor probability that determines the amplitude of P300. It is to test this hypothesis that Horst et al

measured the interacton between subjects’ confidence and actual events. They present their
interpretation of the results as follows:

"Our nodon of subjective probability implies that subjects apply their knowledge about a given
situadon to form differendal expectancies (subjective probabilities) for the various events that
might occur. These expectrancies, being derived from external informadon that is filtered by
subjects’ perceptual biases, stored in a fallible memory, and tainted by the individual's predi-
lectons, are “subjective” in that they need not accurately reflect the objectve probabilides with
which events occur...Information processing riggered by the occurrence of an event is affected
by the expectancy associated with that event. An aspect of the processing invoked by unex-
pected events is reflected in P300 amplitude p. 484).”

We dwell on the Horst et al study because it receives detailed attendon from Verleger, who begins
by sadng that

"Anotber line of evidence frequendy quoted in support of the claim that P3 reflects surprise is

that disconfirming feedback evoked larger P3s than confirming feedback (Squires et al 1973;
Horst et al 1980; De Swart, Kok and Das Smaal, 1981). p. 127

This is a very partial and therefore quite misleading summary of all three studies. In the case of
Horst et al (1980), it is patendy incorrect, because these investgators clearly denied an exclusive
reladoaship between the status of the stimulus as a confirming or disconfirming event. Rather, they
anempted to measure directly the subject's expectations for confirmations and disconfirmations and
reported that both confirming and disconfirming feedback will ar times elicit a large P300 and at
other times a small one depending oa the subject’s level of confidence. Horst et al's analysis is quite
detailed. It may not be endrely persuasive and it is always possible that there are flaws in it and in
the assumpcioas that underlie it. We would welcome a valid cridque of these analyses, but that is not
what Verleger's erroneous description seems (o represeat

In a subsequent reference to Horst et al (1980), Verleger uses a strategy he employs elsewhere in his
arget article. [nstead of dealing with the reported dacs, he surmises what subjects may have ima-
gined while pardcipating in the experiment. His language is instructive, as it illustrates the level of
his critical analysis of empirical data:
"In the Horst et al study, four of the six subjects were experienced, and all subjects were
instructed 'We want to correlate your confidence ratng with your brain waves.’ In conclusion,
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subjects could easily have imagined or even known exactly which outcomes were the object of
the study, so that they expected those outcomes with greater interest. p. 13"

This interpretadon is clearly at variance with the data. It is endrely unclear how the subjects’ imagi-
nadon could have contolled the outcomes with such precision when the subjects could not possibly
know undl they learned the correct pairings which outcomes to expect. Perhaps Verleger is implying
here that the subjects were more interested in outcomes that violated their predictions, but this is
unlikely because the outcome per se did not determine the P300 amplitude. Rather, it was the
interacdon between outcome and confidence that was the conoolling variable. Furthermore, Ver-
leger fails to deal seriously with the very detailed wrial to mial analysis conducted by Horst et al. He
likewise ignores the complex pattern of results reported by Squires et al (1973), focusing instead on
the fact that the experimenters served as subjects. He also fails to take into account the very many
replicadons of the signal detection work which followed that seminal experiment and which repeat-
edly found the pattern of results (see, for example, Campbell et al 1979; Hillyard et al 1971).

32.4. The role of Expectancy

It would appear then that the effect of "expectancy” on the amplitude of the P300 cannot be denied
if "expectancy” operadonally defines describes the conditons of stimulation and their interactions
with the insoructdons to the subject. This does not mean that the relationship will hold for every con-
strual of the term “expectancy” as a psychological consguct Such consmuals must be made in the
constraints of a psychological theory and their validity has to be tested by their predictve power
rather than by their apparent post-hoc plausibility or implausibility. ,

It is also important to emphasize that at no time did we assert that the subjective probability associ-
ated with events is the sole determinant of P300 amplitude. Indeed, it became evident quite early
(Donchin and Cohen 1967) that whereas to a first approximadon P300 amplitude was swongly
affected by the rarity of the eliciting event, it was not possible to account for all its variance merely
by specifying the prior probability of the eliciting simuli. The need to go beyond "objectve” or
prior probabilides became evident with the discovery of the effects of the preceding sdmulus
sequence on the P300, first reported by Squires et al (1976).

As Verleger pays much attentdoa to these data, it is worth reminding the reader what Squires et al
reported: The amplitude of P300, when examined in a Bemoulli series governed by prior probability
P, varies as a funcdon of the sequence of stimuli presented on the preceding tials. When ploaed as
a "tree,” these sequendal effects mimicked the sequendal effects often observed in reaction times
(Falmagne 1965; Audley 1973). Squires et al suggested that the variable which controls the ampli-
wde of P300 is the subjective probability, rather than the prior probability of eveats. They proposed
that this subjective probability, or "expectancy,” varies as a functon of a decaying memory for each
simulus in the series, the global probability P and an "alternadon” factor that was required to
account for unique responses to stimuli that immediately followed an alternating pattemn. The model
has proved quite powerful and, as Verleger notes, the results have been widely replicated.

Squires, Petuchowsky, S., Wickens, C. D. and Donchin, E. (1977), demonstrated that the sequential
effects appear in both visual and auditory oddball series and that the model presented by Squires et
al (1976) accounts for the results in both modalities provided one takes into account their differen-
tal decay rates. Duncan-Johnson and Donchin (1977) reported that sequence effects are additive
with the effects of prior probabiliry. Johnson and Donchin (1980) demonstrated that when the sub-
ject counts one of three equally probable stimuli the two uncounted stimuli enter the sequence with
the probability of their category (i.e. P{uncounted) = .66). We could multiply such details t'rom our
laboratory and those of others. The story that emerges is rather complex, but the complexity in 80
way justifies Verleger's assertion that "Limits were reported on the validity of these findings (p. 4)”
Perhaps Verleger is not quite precise in his use of the word “validity.” If he means "generality,” we
are surely in agreement. Clearly, the sequential effects will be observed only if the circumstances
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are appropriate and it is very important 10 specify these limits. However, the existence of these lim-
its does not redect on the validity of the findings.

To consider one example of such limits: Verleger cites the finding by Duncan-Johnson and Doachin

(1982) that "sequence effects were eliminated when 2 warning signal was interspersed that allowed

for predicting the next sumulus above chance level p. 6)." This is not quite an accurate report of

Duncan-Johnson and Donchin’s results. The study presented subjects with an oddball task in which

each of the stimuli in the series was preceded by a warning sumulus in all experimenml conditions.

However, in some series the warning saimulus provided no information about the probability with

which the imperanve sumulus on that trial would occur. These series are conmasted with series in

which each warmung samulus provided informanon about the probability distribudon of the impera-

uve stmuli. In other words, in some series the sequence of stimuli was the subjects’ sole source of
informaton about the probability distnbudons; in others the sequence carried no such informaton

because the distributdon was determined afresh by each waming sdmulus on each wial. Note that the

structure of the sequence and the prior probabilides (over the endre series) were the same in both
series.

The experiment in question was designed to test the hypothesis that the sequennal effects are
observed because the subjects are exwacting informadon about the probability of events in the
environment from the preceding sequence. The data demonstrated that stimuli do indeed affect the
P300 elicited by a succeeding event if, and only if, the subject has no other source of information
about the probabilides. This appeared to support rather nicely the model presented by Squires et al
(1976), and enhanced, rather than cast doubt on, the validity of the basic observadons on the sequen-
ual effects. Furthermore, the results are quite consistent with the suggeston that the P300 is a man-
ifestation of a process involved in the maintenance of 2 model of the environment. The “flexibility”
of the effect can be construed as damaging to the context updating model only in the framework of
the model which Verleger labels "Update."” If P30Q requires (as Verleger implies we suggested) the
updating of specific aces in a buffer - an updating with no relationship to a larger purpose - then
indeed the reladonship should show no flexibility. But, as will be seen below, and as should be evi-
dent from the literature, "Update” is really just a caricature of our model.

3. Task Relevance

Even though the effect of subjective probability discussed is powerful and has received a prominent
share of invesrgadve artenton it was quite evident from the earliest studies that at least one other
factor must be taken into account, namely, “task relevance.” The simplest demonstration of this fact
is the observation that no P300 is elicited when subjects "ignore” the very same series of events
whose rare members elicit a large P300 when they antend to the events. For example, in the case of
the the ERPs elicited by the stimuli used by Duncan-Johnson and Donchin (1977) whea their sub-
jects were solving a word puzzle, virtally no P300s are clicited by the rare events. Yet these very
same stmuli, when counted, elicit large P300s. As Verleger states by way of a critque, "There is a
rrget effect (p. 6)." On this we agree. But what is difficuit to see is how this observadon, which we
consider a critical element in the evidence for the context updating model, is used by Verleger in
support of his negative view. ,

The sensitiviry of P300 amplitude to the allocation of the subject’s resources to the task in which the
elicidng stmuli are embedded has been examined by Donchin and his colleagues in an extensive
series of studies antempting to develop a measure of meatal workload based on the amplitude of
P300 (Donchin et al 1986a; Gopher and Donchin 1986). The strategy in most of these experiments
has been to require subjects to perform the oddball task concurrendy with another "primary” task
whose demands on their attentional resources could be varied. The results, most of which are
ignored by Verleger, have been rather consistent. The more demanding the primary task, the lower
the amplitude of P300 elicited by the concurreatly presented oddball stimuli (see also Ro"sker 1983).
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Here again, upon careful examination the pattern of results proves rather specific. Not every
increase in demand by the primary task has an etfect on the P300 that is elicited by secondary msk
sumuli. [sreai, Wickens. Chesney and Donchin (1980), have shown that to be etfectve the demands
must be concentrated in the perceprual domain. At least, it was clear from their data that increasing
the motor demands of the primary task does aot atfect P300. Kramer, Wickens and Donchin (1985)
examined the narure of the resources which must be in demand for an effect w be observed; they

have shown that the interacdons can be controlled by manipulating the relationship in visual space
berween the sumuli associated with the two tasks,

The general implication of these data is that the processing of which P300 is a manifestaton is sen-
sidve to the use of a limited capacity sysiem which can be deployed in the service of one task or
another. Strong evidence in support of this suggesuon was provided by Wickens, Kramer, Vanasse
and Doachin (1983) see aiso Sirevaag, Kramer, Coles and Donchin 1986), who measured con-
currendy the P300s associated with both the primary and the secondary task. It turns out that as the
difficulty of the primary task is increased the amplitude of these P300s changes in a reciprocal
fashion. That is, whereas P300s associated with the secondary task decrease in amplitude, the P300s
associated with the primary task increase. The sum of the two concurrenty recorded P300s was con-
stant over the range of difficuldes used for the primary task.

As the data have been reviewed in derail elsewhere, and as they received but little of Verleger's
artendon, we will not examine the etfect of task relevance in further detail. Suffice it 1 note that one
cannot provide a satsfactory account of the antecedent conditions for P300 without considering task
relevance. An important analysis ot the interaction between probability and task relevance has been
provided by Johnson (in press), who reviews the evidence for 2 muldplicative relationship between
these variables. Johnson's review highlights the fact that task relevance operates only to the extent
that the subject exracts the relevant informatioa from the stimulus. He suggests that the meaningful-
ness of the simulus - that is, its task relevance defined externally w0 the subject —~ can only operate
o the extent that the subject extracts the necessary data, This is an extension of Ruchkin and
Sutton's (1978) observation that "equivocadon” will reduce the amplitude of P300.

This well taken point notes that it is "subjective” task relevance, just as it is “subjective” probability,
that is the cridcal variable. [n other words, the locus of the effects we are studying is the subject’s
mind (or brain) rather than the apparatus that generates the experimental conditions. Probability is
filtered by the subject’s concept of the probability of events and informacdon is effective only t the
extent that it is retrieved, processed and used. This view is highly consistent with our view of P300
as the manifestation of processing which is very sensitive 10 the cognitive operations elicited by
events when subjects perfrom certain tasks. Any view as narrow as “Update,” or "Expect” in the
form enunciated by Verleger is necessarily implausible.

3.4. The Latency of P300

Whereas the information about the effects of probability and task relevance that we discussed above
played a critical role in the development of our interpretation of the P300, a dif zrent body of dac,
oae 10 which Verleger pays liale antention, served as the key element in the deve.opment of the coa-
text updating model. This is an extensive literarure concerncd with the latency of the P300. The
mmcmmmbmmﬁumwmmwmummm@nm
latency. Here again, the empirical data are clear, but their interpretation has been controversial.

In 1987 it may be difficult 10 recall that the dissociation berween the latency of the P300 and reac-
ton time was at one time coasidered 2 major impediment w the interpreradon of the componeat
Donchin et al (1978), Doachin (1984) and Tueting (1978) review the issue. There were two central
concerns. First, conflicting dara have been presented about the correlation berweea P300 latency
and RT. Riter et al (1972), showed quite convincingly that the two variables, whea taken on a trial
by wial basis, are posidvely comrelated. Other investgaiors, however, failed 10 observe the
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correlagon.

A second problem was the general expectadon that P300 would precede the reaction. This expecta-
don was based on the notdoa that processing begins with a stimulus and ends with a response. If
P300 (so went the argument) is a “correlate” of informaton processing, it must take place before the

response, or else one would have (o say that it cannot reflect processing, because all processing was
presumed to precede the response.

Both of these difficuldes led Donchin (1979, see also Tueting 1978), 10 suggest that it may be best
o:

"postulate the existence of multiple, parallel processors, continually acdve. Stmuli impinge on
this soeam of processing and modulate and activate in different ways this complex mawix.
Muldiple responses are evoked by a given simulus. Some with immediate consequences, others
will not be manifested for some time, exercising their effect through changes in the subject’s
strategies rather than through their effects on the immediate responses. If P300 is associated
with processes that are more related (o swategic rather than to tactucal information processing,
then the degree to which it(’s latency) correlates with RT will depend on the stategies the sub-
ject tend o adopt. A dissociation berween RT and P300 latency becomes, in this context, far
more interestng than associations between these variables. (Donchin 1984, p. 114)"

These assertions were presented concurrentdy with evidence reported by Kums, McCarnthy and Don-
chin (1977) that the correlation between P300 latency and RT varies with the level of accuracy
demanded of a subject. This result is hardly surprising. If P300 is elicited by an event as a function
of the category to which that event is assigned then P300 will be elicited only after categorization
and this latency would be proportional 10 categorization time. The overt reacdons whose Gme is
measured may or may not be elicited on the basis of a full analysis of the simulus. The prevalence
of fastguesses when speed of reaction is stressed is well known.

Thus, the variance in RT is affected by many factors. Only a subset of these factors affects the
latency of P300. A suiking confirmadon was provided by Renault and his coworkers (Ragot and
Renault 1981), who found. in a choice RT task, that when subjects respond with their hands crossed
their RTs are gready increased. This source of a substantal porton of the variance in RT had no
etffect whatsoever on the latency of the P300. These data confirmed the proposal made by Kutas et al

(1977) and by McCarthy and Donchin (1981) that P300 latency is insensidve to variables related to
the execution of the response.

The parttern of the reladonship between RT and P300 latency has been reviewed in deril elsewhere
(see Hillyard and Kuras 1983; Duncan- Johnson and Donchin (1977), Donchin et al (1986b); and for
more recent work extending this approach and combining it with studies of response preparation,
see Coles and Gratton 1986; Granon, Coles, Sirevaag, Eriksen and Donchin, in press). For our
present purpose it is sufficieat 1o note one critical implication of these data, namely, that the pro-
cessing manifested by the P300 is apparendy not necessary for the execudoa of the overt responses
the subject must make to the stimulus. On occasion, especially when subjects are accurate, the
responses are delayed with respect to P300 and the cofrelation between P300 latency and RT
increases (see Kutas et al 1977 as well as Coles, Grazton, Bashore, Eriksen and Donchin, 1985). In
other words, when the variance in RT is shared with the variznce in P300 latency, the correlation
berween these two measures will be positve and fairly large. But, in the main, a dissociaton
berween these two measures is observed frequently, suggesting that overt responses can be emitted
without awaitng the processing manifested by the P300. It is these dara that suggest most power-

fully that the P300 is a manifestation of processing used in maintaining our model of the environ-
ment.
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4. The context updating Model

4.1. Summary of preceding argument

The task we undertake, as we outline the coatext updating model, has been well summarized by
Ro'sler (1983), '

“To make progress owards finding an exact definidon of the functional smte indicated by
P300, one has 10 do something more than just manipulate input, context or ourput variables.
Therefore, the additional step is to abszract from the directly observed variables and the partic-
ular experimental settings one common 'denominator’, an intervening variable processing con-
struct, which can be taken as the possible if one relies on another source of informarion besides
the directly observable facts. One must add some assumptons about the information process-
ing actdvides performed by the brain; in short, one must formulate, more or less explicidy, a
cognidve theory. (p. I7)"

[n the immediately preceding sectons of this precommentary we outlined the "directly observable
facts.” Befare we oudine the "cognitve theory” that may account for these facts we briefly summar-
ize those pieces of the puzzle we consider crucial to the evoludon of our model.

(1) The amplirude of P300 is controlled, in a multiplicadve fashion, direculy by the task-relevance

@)

3)

4)

of the eliciung event and inversely by the subjectve probability of the event. We note here that
even though Verleger argues that "P3s are not evoked by unexpected stimuli,” his argument
consists of a conjecture about the psychological state of the subject. That is, Verleger is argu-
ing that rather than being surprised by the elicitng stimuli the subject is actually awaitng those
sumuli. There is very little evidence, however, that would support speculations about the sub-
jects’ sate of mind at the time the eliciting stimuli are presented. The closest any one has come
to directly measuring the subjects’ psychological states in these experiments have been the
assessment of their confidence in their predictons, guesses or judgments (e.g. Hillyard et al
1971; Horst et al, 1980) and, as we noted above, these suggest that surprising events do elicit a
larger P300. However, whatever one concludes with respect to this issue, there is hardly room
for doubt concerning the swrictly empirical assertion that, in a range of experimental parame-
ters, reducing the probability of an event will increase the amplitude of the P300 elicited by the
event. This etfect of probability is tempered by its multiplicative interactuon with the effect of
task-relevance (Johason, in press).

Overt responses required of the subject on a given trial can be emitted prior to the appearance
of the P300. If the response reflects a discrimination amoag stimuli, then responses eminted
prior to the appearance of the P300 are more likely to be inaccurate. The correlation betweea
the latency of the P300 and the RT, computed over trials, is not necessarily significant. Thus,
different factors appear to control the variance in these two dependent measures. In other

words, the P300 is relatively decoupled from the motor output the subject must generate in
respoanse to the eliciting event.

The P300 seems to manifest actvirty in a limited capacity sysiem whose use in the service of
different tasks is under relative conuol by insoructons. There is evidence that the twwal ampli-
rude of P300 in the presence of concurrent tasks is constant.

‘The amplitude of P300 seems to be sensitive o the intervals between successive stimuli. One
can account for the sequendal effects in P300 amplitude by assuming that it is inversely pro-
portonal o the decay of the represenation established by preceding occurrences of the elicit-
ing events. Furthermore, the ubiquitous effect of probability on the amplitude of the P300 in an
oddball paradigm is drastcally reduced, if not eliminated, when the interval berween events is
increased (Heffley, Wickens and Donchin, 1978; Fitzgerald and Picton 1981).
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42. The Model

As we proceed to develop a "cognidve” theory to identfy the processing function manifested by the
P300 taking the above into account, we find the dissociauon berween P300 latency and RT to be the
most compelling piece of the puzzle. It is a pardcularly important darum because it eliminates from
consideradon the rather large class of inforrnadon processing acuvides involved in selecting and
execudng the overt response t the event which elicits the P300. The idea at the core of the context
updatdng model! is that P300 is invoked in the service of "strategic” rather than “tactical” information
processing (Doachin et al 1978). According to the strategic/tacucal disdncton informadon is pro-
cessed in parallel interacting sueams. The “tactical” sweam is concemned with the processes that
select a specific set of responses at any instance, that is. it congols overt behavior in an immediate
sense: acdons. The "smrategic™ steam is involved in the planning and conwol of behavior, such
things as the long term setting of prionites, the setting of biases, the mapping of probabilites on the
environment or the deployment of antendon. These are merely illusoadons of the vast realm of
metaconol processes that must be implemented as the infrasouctural support of overt behavior.
The specific physical events occurring on a trial, be they sumuli or responses. serve as data for this

sweam of processing. We suggest that the P300 is a manifestadon of processes in the smategic
soeam.

Note that the evidence pointdng to such a meta-contol role for the P300 is swong even though it

yields no clue to the specific funcdon of the process of which the P300 is a byproduct. The key to

the puzzle conmibuted by the latency data is that it directs our attention to processes which are not

crigcal to the immediately executed response. Three aspects of the data supply this clue. First, the

latency of P300 often exceeds the RT. The obvious conclusion is that the process it manifests is not

a necessary condidon for the emission of the response. Second, the correladon berween P300

latency and RT depends on the level of accuracy the subject is striving o achieve. This suggests that

the elicitadon of P300 depends on a more extensive extraction of information about the event and on

the processing of that informadon. Finally, we note that the latency of the P300 appears to de unaf-

fected by processes associated with the execudon of the response (McCarthy and Donchin 1981).

This again suggests that the functdon manifested by the P300 is associated with the evaluadon of
sumuli.

When we use such words as "associated” or "reflects” in referring to the reladonship between P300

and, say, "sdmulus evaluadon,” we do not intend to imply that the P300 is in fact a byproduct of
sumulus evaluaton. Such a suggestdon would be inherently invalid because stmulus evaluadon is

not a unitary processing endry but a multiplicity of processes. The data on P300 latency allow a
choice between two classes of processing functons - those involved in the decoding and assessment
of information and those associated with the execution of overt responses. The P300 seems to be
independent of the lanter category. It seems reasonable to assume that its functon oace identified
will belong to the former category, which we loosely label “sdmulus evaluadon.” Additonal sup-
pont for this view comes from the stdies of the behavior of P30C in dual-task studies. lsreal et al
(1980), as well as Kramer, Wickens and Donchin (1983), have reported that 1o be effectve in reduc-
ing the amplitude of the P300 elicited by secondary msk stimuli the load of the primary task must be
increased in the perceptual rather than the motor domain. Thus, the general class of processes of
which the P300 is a manifestation probably involves a perceprual evaluaton. The specific selection
in this category, however, must be made on the basis of additional data. Once we accept P300 to be
associated with "strategic,” future oriented, processing we must seek a more precise definition of the
specific process.

It is at this point that the fact that the P300 is often associated with events whose probability is low
begins 0 affect our thinking. What function could one reasonably ascribe 10 a processor activated
by rare events, one whose amplitude is directly proportonal to rarity? Two assumptons enter our
interpretadion of these observarions. Both are tenuous and are justdfied largely by their plausibility
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and their heurisdc value. The first assumpdon is the weakest link in our eatire saucture. It is that the
amplirude of the P300 is a measure of the extent 10 which the processor manifested by the P300 is
acuvated, or ‘udalized.” This assumpdon is basic to the ERP literarure and Verieger appears o
accept it. [t must be admirted, however, that we have no direct physiological evidence for this or any
other interpretanon of changes in the amplitude of the P300. It is plausible o0 assurpe that the larger
the potenual the larger the voltages generadng the field which is being recorded and that this size is
2 measure of the activation of the tissue from which we record. This, unfortunately, is not neces-
sarily the case as Allison et al (1986) point our. One hopes that the various attempts (o idendify the
intracranial sources of the P300 will provide data that will allow an interpretadon of changes in the
amplitude of the P300 (e.g. Haigren, Stapieton, Smith and Altafullah 1986; Wood, McCanhy,
Squires, Vaughan, Woods, and McCallum 1984; Okada, Kaufman and Williamson 1983). For the
ume being, however, we must admit that the assumpdon is entertained primarily for its heuristc
value and its merit must be evaluated according 1o its utility as a guide for future research.’

The second assumpdon we make here is a cognitve one: A class of metacontol processes is con-
cerned with maintaining a proper representagon of the environment. The concept of a “"model of the
eavironment” is of course not new. [t has assumed many guises, ranging from the Sokolovian "seu-
ronal model” through contemporary nodons of “schema” and "mental models™ (Johnson-Laird
1983). [See also Kosslyn et al.: “On the Demysaficadon of Mental Imagery” 38S 2(4) 1979 and
Arbib: "Leveis of Modeling of Mechanisms of visually guided Behavior” 385 10(3) 1987.] There
are very meaningrul differences among all these theoretical concepes. However, they have one gen-
eral idea in common, namely, that part of the totality of representations and skills potengally avail-
able o the organism at any tme is in a state of heightened availability and that this high-availability

segment is sensidve to the conditions of the environment (the "context”) and to the needs imposed
by the tasks at hand.

The idea that 2 model of the environment is used in evaluadng incoming informasion and in select-
ing responses is quite common among cognitve theorists. The level of detail with which such coan-
cepts are presented varies and the specificity with which models are articulated is also quite van-
able. However, it is really not cridcal at this stage to specify how the "contextual model” is imple-
mented. Although this is an interesting subject, we need not choose among the many candidates.
The only assumptdon we need 10 make is that, however the model is implemented, there must be
mechanisms that will maintain it as an accurate model. No model (or schema) would be of any use
unless it was possible for it to adjust dynamically to the environment. When the "context” changes,
the model must be revised. A model lacking an updatng component would be useless because it
would fail to meet its most basic requirement, namely, that it should reflect the ongoing context. As
contexts are continually in flux, the model must undergo coastant revisions. Noveity, surprise and
the occurrence of improbable events must somehow be integrated into it, either by revising its map-
ping of probabilities on the environment or by rejecting the imporance of the eveat and remaining
unchanged.

The sensitivity of P300 to the probability of events adds plausibility w the suggeston that it is asso-
ciated with mainining the schema. Note that whether the decisive fact is that the stimulus is "unex-
pected” or is that it is associated with "closure” makes no difference at this smge of the argument. In
either case we must hypothesize a functioaal role for the manifested process. We suggest thar the
process will be one invoived in the maintenance of the schema, or the model, of the current context.
This involves no commianents about how this goal is achieved; it leaves the detils of the operation
unspecified. We note, however, the impormnce of “task relevance™ in the elicitation of the P300.
This fact must coastrain speculations about the underlying processing.

7 1 should be noted, though, that the assumption does gain credencs from the convergence of the very large number
of smdies conducted under 10 guidance.
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Clearly, not all improbable changes in the environment lead to the updadng of the context Only
those segments of the coatext that are ceatral to the tasks performed by the subject are likely to
bring about the changes in the model of the environment. The observed changes are associated with
an optional limited-capacity system. The constancy of the amplitude of P300 across tasks as the
demands of the tasks are changed reciprocally (Wickens et al 1983) is swongly supportive of the
associagon of the process with a limited capacity system. Two studies by Johnson and Donchin
(1978 1982) illusurate the consideradons that enter into the evolution of this model.

Johnson and Donchin (1978) asked subjects o press a button exactly one second after a light
flashed. The subject was informed on cach wrial by one tone if his time estimate was correct and by
another it was not. The intensity difference between the tones was the independent variable in the
experiment. It turned out that the larger the difference between the tones, the larger the P300 they
elicited. The very same tones, when used in an oddball task (that is, when the subject was insgucted
w0 count the number of tones in a series), elicited a P300 whose amplitude was independent of the
intensity difference berween them. Johnson and Donchin interpreted these data as indicating that the
amplirude of P300 is proportional to the extent that the stimuli provide the subject with information
that can help in the performance of the task. However, the degree to which the informadoa is udl-
ized is 10 an extent under the subject’s conmol During the time estimadoan task the extracton of
informadon from the tones was not mandatory and the information was less likely to be used if the
discrimination berween the two tones placed a higher load on the subject. When directly instructed
to count tones the subjects had no such opuon and the tones were used regardless of their discrimi-
nability. Within the framework of context updating we would suggest that the subjects mainwined,
as part of their model of the context, a basis (a template?) against which they estimated time. Whea
the informason provided by the tones was useful in maintaining and revising this model the tones
were so used, as indicated by the large P300. This interpretation was bolstered by the fact that the
lower the P300, the more errors the subjects committed and the less likely they were to improve.

In a subsequent study, Johnson and Donchin (1982) presented subjects with an oddball series in
which the probabilides were changed in midcourse. The series might start with the probability of the
high tone at .33 and then, in 40 o 80 tmials, the probabilities of the two tones would be reversed so
that the probability of the high tone became .66. This sequence of reversals continued over a long
series so that whea viewed over the endre series the probabilices of the two stimuli were essentially
equal. There were two experimental conditions. The subjects were first run without knowing that the
probabilides were changing. They were told to count high (or low) tones as they do in all other odd-
ball paradigms. In the second coodition the subjects were told that there was a continuing sequence
of reversals in the probability of the two tones and they were assigned the sk of detectng when the
probabilides actually changed. The aspect of the result relevant to the preseat discussion concerns
the behavior of the P300 during the “transiton” periods which were defined as the segment of the
series between the time the computer actually adopted the reversed probability and the tme the sub-
ject detected the probability shift.

As Johnsoa and Donchin used identical stimulus sequences in the two conditons it was possible to
compare the P300 elicited whea the subjects knew about the reversals and whea they did aot. When
the P300 is elicited on the five trials immediately preceding the subject’s report of the change, it
s out that during the unwitting sequences the amplicude of the P300 is determined eadrely by the
immediately preceding sequence of stimuli. On the other hand, whea the subject was wying to idea-
tify the time at which the operating parameters of the environment changed, the amplitude of P300
in those five trials increases gradually from trial to trial, reaching a peak just prior to the subject’s
report that the probability has changed. Immediately after this report the enhancement of P300
disappears and the amplirude is determined endrely by the global probability and the sequendal
dependencies as reported by Squires et al (1976). In other words, as the stimulus delivers informa-
ton that is usable in the subject’s swucturing of the task relevant portion of the environment, the
P300 is enhanced. As the evidence accumulates and the pressure for accepting the change increases,
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so does the amplitude of the P300, reaching a peak just at the dme the change is accepted and the
subject is made susficiendy aware of the change to report it

In summary, the context updating model asserts nothing more than that the P300 is elicited by
processes associated with the maintenance of our model of the context of the environmeat The
associadon of the P300 with novelty, its seasitivity to the decaying stength of represenwadons, its
dependence oa a limited capacity system and its swong dependence on the relevance of the elicitng
event to the task lead to the suggesdoa that the processing it manifests is invoked whenever there is
a need to revise the organism's model of the context We are assuming that the larger the amplitude
of the P300. the larger the change in the model. This statement of our mwodel is admirtedly not pre-
cise enough. We have no commimmnents about the nature of the system that implements the contex-
tual model or the process by which the context updacng is implemented. However, we think it is
premacure to offer an answer to these questons. We need to obtain much more evidence on the P300
and irs reladon to cootext updatng before we can begin  discuss such details. However, cven at
this stage the context updaring model is powertul enough to generate interestng experimental pred-
ictions about the consequences of the P300.

2.L

In the next secton we will examine some of these predictons. First, however, we must examine
Verleger's descripdoa of the context updating model. Two versions of the model are subjected to
Verleger's cridque. The first, the "Update" version, is arrived at by a tortuous route which leads Ver-
leger from a statement of the model as presented above to an insistence that we specify "what
exactdy was meant by ‘expectancies,’ ‘strategies,’ 'schema.’ 'model,’ and ‘coatext’ (p. 4)" The
definicions are given whenever we conduct an empirical investigation. For example, "expectancy”
was operagonally defined by Squires et al (1976). In any eveat, Verieger proceeds to use out-of-

context remarks about working memory and representations 0 produce the following versioa of our
model

"Each sdmulus bas its represeawaton (‘trace’) in working memory, which decays over tme.

After sumulus evaluagon, the qace of the presented stmulus is updated to its optamal upper-

limit value and it is this updating that is reflected by P3. p. §°
Verleger is clearly arribudng much more specificity to us than we feel competent to provide. We
have definitely not described a direct association between P300 and any specific operadon involved
in the maintenance of the contextual model. We cestainly would not claim 0 know that P300 is a
manifestation of the updating of traces. In the present state of our knowledge we cannot go beyond
the more general suggestion that P300 is invoked because of the need to update the context. The
narrow definition according to which Verleger focuses on the very act of trace updating leads him o
see inconsistencies where noae exist. Thus, for example, the flexibility of the sequendal effects is
only a problem if one assumes that P300 is uniquely related to trace updating. This poses no prod-
lem, however, if the need t0 update the coatext arises in some circumstances and not in others,
Surely Verleger's discovery that "The largest P3s were cvoked by the last relevaat item of every
mial® is precisely what has been reported by Donchin and Coben (1967), or by Robrbaugh, Doachin

and Eriksen (1974). We suggest that these events are the ones impelling the system to update the
model of the context.

A somewhat closer approximarion to our views is given by Verleger whea he discusses his "Expect”
version of context updating. He acknowledges that the model as presented by Doachin (1981) “goes
beyond Update's interpremtion of expectancies being represenmsons of stmuli in working
memory.” He sees that we are suggesting “Strategies and expectancies may involve working
memory, but they do not hold any privileged relation to working memory.” However, he immedi-
mlypmceed.swmowthedeﬁnidonsomnitisapinam.mmnanﬁdpomyﬂ.of
our model. Verleger's strategy as he discusses "Expect” is to suggest that subjects "expect the
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frequent stimulus” and are consequenty “surprised” by the rare sumulus. First portraying the con-
text updatng model as an claim about the reladonship between violations of expectancies and P300,
Verleger proceeds w use the substantal body of data suggesting thar stimuli need not be entrely
unexpected 0 counter his own version of our model. This is as misleading as his treatment of
“Update.” We have repeatedly stated that low probability is acither a sufficient nor a necessary con-
didon for elicidag P300 or for congolling its amplirude. It is inhereat in the multiplicadve relation-
ship berween ranity and task relevance that simuli with bigh relevance will elicit a large P300 even
when highly probable.

43. Predictions from the Model

43.1. The amplitude of P300 and response bias

The most imporrant corollary of the context updatng model is that it directed our attendon to the
study of the possible effect of eliciting P300 on subsequent performance through the resucturing of

the subject’s model of the environment. This approach was guided by the realization articulated ear-
lier in this precommenaary that theories about an ERP component must be tested by assessing the

consequences of eliciting the componeat. If the process manifested by the component is involved in
the reswructuring of the subject’s model of the enviroament we ought to be able to measure effects

that can be aaributed to such changes and their magnirude should be propordonal to the amplirude
of the P300.

As an illustradon, consider the experiment reported by Doachin, Grarton, Dupree and Coles (in
press). In this study names were displayed on a screen monitored by the subjects, who were
instructed to press one of two buttons in response to names of males and the other buttoa in response
to names of females. Female names appeared 80% of the time and subjects, who were urged to per-
form quickly, were stroagly biased to press the bunon indicating a female name, In general, subjects
hardly ever erred in response to the female names whereas they often pressed the wrong bunoa in
response (0 2 male name. These erroneous respoases were clearly "fast guesses.” The ERPs elicited
by the rare male names showed an inwrestng panern. Their P300 latency was about 100 msec

greater than that of rare names correctly responded to. In other words, a fast guess delayed the P300
by about 100 msec.

What was the subject doing in these 100 msec? Obviously, no direct answer is available. It is plausi-
ble, however, that this exra petiod was used to assess the consequences of the error trial so that
proper adjustmencs could be made to the operating coatext t0 minimize such errors in the furure.
We reasoned that if the P300 was, as our model assumes, 2 manifestation of processing associated
with the adjusunent of the operating context, then it is reasonable o0 predict that the larger the P300
the larger the adjusunent. The most likely adjusument after the recognition of an error would be 2
revision of the biases so that exrrors would be less likely in the funme. “If this hypothesis is correct
then the characeristics of the P300 elicited on error trials should predict variations in respoase cri-
teria in the following mials” (Doachin et al, in press).

We accoprdinglly examined all the trials on which the rare stimulus was presented and on which the
subjects erred and sorted these according to their respoase on the trial on which the next rare name
was presented. There could be pairs in which an error was followed by an error and pairs in which
the error was followed by a correct response. The critical finding was that the amplitude of the P300
elicited by the firt member of the pair was larger if the respoase to the second member was correct.
Onmeummpdmmnmcmbjeamspondsinmmmhnmmhehbmcdwr_upopd
o the more frequent female names, we propose that a coerect response o the male names implies
that the subject has adjusted the bias as 2 consequence of processing associated with the error. It is
not implausible to suggest that the amplitude of the P300 is a manifesmtion of a process associated
with this adjustment. This interpretation received funther confirmation from the observason that the
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RT associated with the frst female name aster 2 male name is inversely proportional to the ampli-
wde of the P300 elicited by that male name.

Note that we are not suggesang that the P300 is a manifestadoan of the bias adjustment per se. The
precise reladonship between bias adjustment and the process manifested by the P300 is undeter-
mined at this point. All we are claiming is that in the cornplex of processes riggered by the recogni-
don that an error has been commirted (which appears 0 delay the elicitation of the P300), an opera-
gon whose effectiveness is correlated with the amplitude of the P300 takes place and this operaton
predicts rather reliably whether or not the subject will commit yet another error.

43.2. Perfect Pitch and P300

Another predicton denved from our model was tested by Klein et al (1984). We predicted that sub-
jects with pertect (or “absolute”) pitch would not display a P300 whean tested with an auditory odd-
ball series but would show a P300 when tested with a visual one. The results confirmed our predic-
gon. We did not invent the idea that such subjects mainain permanent templates in their memory

for acoustic sumuli. This happens to be a common account of the Perfect Pitch phenomenon. As
Klein et al noted :

“The weight of the evidence suggests that individuals with Absolute Pitch (AP) have access 1o
a set of internal 'standards’ that allows them to fewch the narne of a tone without comparing the
representagon of the tone to a recently ferched represeatation of a standard (Siegel 1974)."

Lockhead and Byrd (1981; see also Hamad 1987) review the relevant literature and describe a
method for assessing the degree w0 which an individual does indeed have this skill. We arrived at the
predicdon that AP subjects would not use the mechanism manifested by the P300 by combining this
common account of AP sidll with our current view of P300. We proceeded to test music students,
with and without AP, and the data clearly confirmed the prediction.

As we noted carlier, Verieger overiooks the fact that all subjects were music students and that the
amplitude of P300 was proportional to each subject’s actual skill as an AP perceiver rather than 0
the subjects’ reports about his sidll. Vericger also assens:

"1f tones have permanently resident representations for AP subjects, why not other well-known

sumuli such as colors. the words 'push’ and 'wait,’ synonyms and names? Since these words
evoke P3s Klein et al assumpdon is improbable. p. 8"

Verleger seems unwilling to accept the overwhelming evidence that people with AP have a rather
unique ability that cannot be explained simply by assuming that they have overiearned a specific set
of well-known sdmuli. As we tested our subjects in the way Lockhead and Byrd did the differences
struck us with remariable force. The subjects without AP were all highly qualified, advanced, music
students. They had excellent relarive pitch judgment. That is, if allowed to hear a standard wne and
given its name, they could proceed 10 name any other toae with accuracy. However, without such
prior exposure (o the standard, subjects with relative pitch could only name correctly a sl percen-
mge of the tones. Subjects with AP named between 82% and 94% of the tones without access 0 a
reference tone. It is inappropriate 0 compare the way AP subjects process tones to the way we pro-
cess other "well-known" stimuli. The evidence suggests that the AP skill relies on a unique com-
parison with a permanently available standard. Our dara show that these subjects, as predicted by the
context updating model, draw on the processes underlying the P300 to a significantly smaller extent
that they do when processing visual stimuli.

We noe in passing that in the course of discussing the empirical dam Verleger makes a number of
starements that suggest he may huve a rather limited model of the cognitive system. For example, in
his discussion of Klein et al’s paper, he wonders why the subjects appear to make the visual com-
parisons by relying on a regieved smndard. He than writes:




-25-

“If Klein et al’s subjects were unable to form the abstract categories 'H® and 'S’ but had to
store the specific physical fearures, how can other subjects combine stimuli into targets and
noncargets irrespectve of physical features? Since this is obviously possible, the assumption is
also improbable. p. 8"
Here again Verleger does not quote us accurately. We did not say that subjects were unable to form
the categories 'H’ and 'S.’ Rather, we suggesied that when a displayed character is assigned 10 one
or another category an encoding process must precede the categorization and must use a feature
detecuon scheme that takes into account the large variety of fonts and shapes in which the charac-
ters may be presented. That such a fearure-detection stage, possibly preanentve, precedes the
higher-level categorizatons has been demonstrated rather persuasively. For a comprehensive review
of much of the relevant dara the reader is referred to Treisman (1986). It is also becoming increas-
ingly clear that much of the data on categorization can be interpreted without assuming that subjects
form “abswact categories” represented by prototypes; they may be using an exemplar based scheme
that is very dependent on feature encoding schemes (Medin and Wanrenmaker 1987: see Harnad
1987 for further kinds of representational model). Thus, it seems the cognitive assumpdons of Klein
et al are coasistent with at least some current theories of categorizaton.
Equally strange is Verleger's nodon of Working Memory. We quote in full, 5o the reader can assess
Verleger's line of thinking:
“Working Memory (WM) conuins anything that has happened during the previous, say, ten
seconds. Then WM will be reladvely empry when a trial stans. Storing the first stimulus in
WM will change WM content from zero o one, storing the second stimulus will change its

content from one to two, storing the last word of a seven word seatence will change its coatent
from six to seven. p. 10"

Verleger appears to view WM as a simple push down stack which can be "reladvely empty” at any
tme and into which simple representations of stimuli are pushed, and from which they are popped,
as they are presented and used. This is, of course, a rather exreme simplificadon of the WM model
of those who have been using the concept. There is almost no relation between Verleger's WM and
the dynamic and complex system proposed, for example, by Baddeley (1987), in which executve
congollers oversee and integrate the activity of ardculatory loops and visual scratch pads, all the

while monitoring the environment for relevant inputs. Our own view of the system was summarized
by Donchin (1981) as follows:

“The schema may be conceprualized as a large and complex map representing all available
data about the environment. [t is the reservoir of informaton that is aecessary for performing
whatever tasks require actve processing at any time. Some of the information has just been
delivered and may stll reside in various stages of dynamic memory. Other information resides
in longer term memory and may need to be made available, on a temporary basis, for integra-
don into the overall schema. The system is quite fluid. There must be some priority weighdng
system that is associated with the schema and determines which of its aspects is related to
which rasks. Representations decay because of misuse or because of shifting strategies and
tasks. New informadon is brought in. Choices are made in the process of using this schema.
When there is need, the model is revised by building novel representations through the incor-
poration of incoming data into the schema based oa long term memory data. It is likely that it
is this updating process that we see manifested by the P300, p. 508."

4.3.3. P300 and the von RestorfT effect

It is this more dynamic view of 'working memory’ that we espouse as we consider the t‘uncuonnl
explanagon of the panerns of P300 data and it is this approach that guided the last set of predictons
about the P300 we will discuss. We refer to studies of the relation berweea the P300 amplitude eli-
cited by stmuli and the probability that those sdmuli will be recalled. Donchin (1981) noted that
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there may be a reladon berween theories of memory predicting that distinct items will be best
remembered and the fact thar the P300 is elicited by disuncuve events. It accordingly scemed
promising to examine the extent to which the amplitude of P300 - interpreted cither in this frame-
work, as a measure of disdnctveness, or, altemnatively, as a measure of the resgucturing of the
current model of the environment ~ might predict the probability that items would be remembered.
The paradigm that proved particularly effective for testing this prediction was devised by voa Res-
wortf (1933). She presented subjects with a series of items, some disdnct in some respect. These "iso-
lates.” she reported, were remembered far bener than the other items in the series. Karis et al (1984)
reasoned that these isolates would, by virtue of their very disunctiveness, elicit a P300. They further
reasoned that the amplitude of these P300s would vary and that this vaniance would be correlated
with the subjects’ ability to recall the isolates.

To test this predicuon Karis et al presented each subject with 40 series of 15 words each. In 30 of
these lists one of the words, in one of the middle posidoas, was displayed in characters that were
cither larger or smailer than the characters used for the other items in the list. The subjects were
asked to recall the items immediately after each list was presented, as well as at the end of the endre
series of presentations. At a later ume, the subjects’ ability o recognize the previously presented
words was also tested. Average ERPs were obuined separately for the recalled and unrecalled
words. The pattern of results was rather complex. For present purposes it is sufficient to note that the
amplitude of the P300 was indeed larger for recalled items. However, this was in the main tue only
for those subjects who used rote memorizaton to aid their recall. The relaton between P300 and
recall did not hold for subjects who used elaboration techniques as a tool to aid their recall.

The interaction between recall strategies on the one hand and the P300/recall reladionship on the
other was confirmed in a subsequent study by Fabiani et al (1986), who replicated the Karis et al
study, except that this time the subjects were explicitly insaucted to use one strategy or the other.
All subjects were instructed (in a properly counterbalanced way) two use all strategies. It was found
that the aforementioned interaction between P300, recall strategies and recall holds in subjects. [n
another experiment, Fabiani, Karis and Donchin (1986) used an incidenwl leaming paradigm in
which subjects had no reason to use elaborative strategies. For all subjects the amplitude of the P300
elicited by subsequendy recalled items was larger than the amplitude elicited by items that were oot
recalled. Paller, Kutas and Mayes (1987) report similar results using a "level of processing” pars-
digm. Confirming findings were also reported by Fox and Michie (1987).

To what extent do these data provide support for the coatext updating model? If the model is coa-
strued as an claim about the class of functoas the P300 is most likely t0 manifest, then the sgoag
relagonship between P300 amplitude and subsequent recall is ceruinly consistent with the sugges-
don that the process underlying the P300 is involved in the creaton and maintenance of represents-
toas. [n its simplest form this assertioa anchors the P300 in the family of processes that make “dis-
tncdveness” so powerful a factor in determining recall and recognition of items. Even more impoc-
want is the interaction berween P300 and the subject’s recall strategies. The importance of this result
is that it places coastraints on the range of functions that might be associated with the P300. Whea
sripped of the necessary complexities, the fact that the effect we observe is reswricted 0 subjects
who use rote memory suggests that the interaction in which the P300 process plays a role must take
place at one of the earlier levels of stimulus encoding. It is the represeatarion of the actual physical
simulus, rather than some subsequendy encoded represenmtion, that is affected by the inwcasity
with which the process manifested by the P300 is activazed. Fabiani et al (in preparacion) tesied 3
comuaryotmisintnmaﬂommymmedeuumwhichmbjecumuym?nmemof
the original stirnuli presented during the study period. It turns out that when subjects usé rote
memory meymmﬁkzlywmaﬂ:heoﬁginﬂsiuolzhewaﬂ:hnmtheverysamcsub)m
when they "elaborate.” The implication is clear - the P300°s effect is exercised at the early represen-
mtional sage of stimulus encoding.
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The details of the process need further elaboradon. Here, as in previous discussions, we do not find
it necessary t push the theoretical analysis beyond the depth needed to move ahead with our experi-
mental program. Indeed, we view theory largely as a guide, a very rough guide, to our experimental
program. Rather than propose all-cacompassing systems as accounts of the P300, systems in which
every item is fully defined and every operadon endrely predictable, we prefer theories that at any
stage of the research are sufficiently precise (o allow the next stage of the program to establish itself.

S. Summary

In conclusion, we remain persuaded that our approach to the study of the endogenous components of
the ERP is sound. Our goal is to understand the functonal significance of these components. In this
precommentary we focused on the P300 because Verleger's critique was concerned with our views
of this component. However, our remarks are more general in their intent. We believe that accounts
of these phenomena should take the form of hypotheses about the information processing functons
of the actvities manifested by the component These should be derived from a inowledge of the
antecedent conditdons of the components; however, an enumeration of these conditions, no marer
how general, does not in itseif consttute 2 theory of the component. Once a theory is proposed, it
should be assessed, not by arguments about the plausibility of post hoc explanations, but by predic-
dons about the consequences of the component,

Vezleger's two versions of our model do not represent our views adequately because they are based
on a very narrow and simplistc construal of terms such as "expectancy” and "working memory.”
The theory Verleger proposes is not a theory but rather a generalizadon about the antecedent condi-
dons of the P300. The target article also ignores rather important segments of the literature that are
crucial to an understanding of the P300, and those studies that are discussed are mostly
misrepresented and misinterpreted.

In this precommentary we present the context updating model as we actually consmue it and we
review some of the studies that have been generated by our version of the model. It will be seean that
whereas the model is indeed vague about the specific mechanisms manifested by the P300, it is
specific with respect to the classes of functions likely to be manifested by the P300. More important,
the model has served as a tool, guiding our empirical investigations into a number of exciting

rescarch avenues and leading to a number of interestng discoveries. This, to us, is the uldmare test
of a successful model.
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